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PREFACE 


This  report  describes  work  on  Low  Loss  Window  Materials  for 
Chemical  Lasers  under  contract  N00014*75'C— 1158.  This  is  a final 
report  prepared  for  the  Naval  Research  Laboratory,  Washington,  D.  C. 
Participating  in  the  research  were,  in  addition  to  the  principal 
investigator,  James  A.  Harrington,  Don  A.  Gregory,  William  Otto, 
Charles  E.  Patty,  Jr.,  and  Donald  R.  Hulsey. 
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SUMMARY 


The  main  objective  of  this  research  program  Is  to  study  the 
optical  properties  of  materials  suitable  for  use  as  lo\f  loss  windows 
and  other  optical  components  In  the  HF,  DF  and  CO2  laser  wavelength 
regions. 

In  order  to  Investigate  these  materials,  measurements  of  the 
absorption  coefficient  were  undertaken  using  laser  calorimetry  and 
Infrared  spectroscopy.  To  further  this  Investigation,  absorption  at 
the  surfaces  of  window  materials  was  measured.  This  Involved  solving 
the  classical  heat  flow  problem  using  parameters  gained  from  the 
experiment. 

The  study  of  extrinsic  absorption  was  carried  out  using  data  at 
three  wavelengths.  From  the  observed  absorption  coefficients  It 
seems  a rather  broad  absorption  band  Is  centered  In  the  HF  and  DF 
laser  wavelength  region.  This  band  Is  not  yet  definitely  understood 
nor  Identified. 

Lastly,  a study  of  the  absorption  of  Th02  - doped  Y2O3  was 
performed.  This  Involved  varying  the  preparation  and  final  treatment 
of  the  samples  to  maximize  transmission  at  the  HF  and  DF  laser  wave- 
lengths. 
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Infrared  absorption  in  chemicai  iaser  window  materiais 

James  A.  Harrington,  Don  A.  Gregory,  and  William  F.  Otto.  Jr. 


The  optirni  nhsorpticm  hns  lii  cn  measured  at  DF  and  HP  wavelengths  in  a wide  variety  of  transparent  mate- 
rials that  show  promise  for  use  as  windows  on  high  powered  chemical  lasers.  These  measurements,  which 
were  made  using  DF-HF  chemical  laser  calorimetric  methods,  will  be  discus.sed  in  terms  of  surface  and  bulk 
contributions  to  the  total  absorption  as  well  as  in  terms  of  the  total  absorption  measured  for  each  type  of  ma- 
terial studied.  Materials  studied  include  the  alkaline  earth  fluorides,  alkali  halides,  Ge,  Si,  ZnSe,  MgO,  Yt- 
tralox,  and  AlsOs. 


I.  Inlroducllon 

The  increasing  interest  and  importance  of  chemical 
lasers  have  led  to  a demand  for  studies  of  optical  ma- 
terials at  the  DF  and  HP  chemical  laser  frequencies.  In 
particular,  high  energy  chemical  lasers  will  require 
low-loss  optical  materials  for  applications  as  windows 
and  other  transparent  optical  components.  In  order 
to  help  meet  this  demand,  an  investigation  of  the  optical 
absorption  coefficient  for  a wide  variety  of  candidate 
chemical  laser  window  materials  was  undertaken.  In 
conjunction  with  the  absorption  measurements, 
chemical  cleaning  and  polishing  techniques  have  been 
developed  and  applied  to  some  materials  to  determine 
their  effectiveness  in  minimizing  surface  absorption. 

Over  the  past  several  years,  a continuing  survey  has 
been  made  of  the  most  promising  materials  for  opera- 
tion at  DF  (3.8-Mm)  and  HF  (2.7-^m)  wavelengths.  In 
addition  to  categorizing  the  optical  absorption  0 of 
many  samples,  it  has  become  necessary  to  more  care- 
fully analyze  0 in  terms  of  surface  and  bulk  contribu- 
tions to  the  total  absorption.  This  is  due  to  the  fact  that 
most  of  the  desirable  materials  for  use  as  DF  laser 
windows  have  0’s  that  are  extrinsically  limited,  and  thus 
a prime  emphasis  of  this  work  has  been  on  the  charac- 
terization and  elimination  of  extrinsic  (surface,  impu- 
rity, etc.)  absorption  mechanisms. 

Having  surveyed  a large  number  of  materials  it  is  now 
possible  to  bring  together  in  a systematic  way  all  results 
of  our  measurements  of  the  absorption  coefficient  at 
chemical  laser  frequencies.  One  important  point  can 
be  observed  from  such  a compilation  of  data:  no  sample 
measured  to  date  has  a total  0 less  than  10~^  cm~'  at 
either  HF  or  DF  frequencies.  This  is  rather  perplexing 
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in  view  of  the  fact  that  most  materials  of  interest  have 
intrinsic  (multiphonon)  levels  far  below  this  value  and 
that,  for  some  hosts,  0’s  less  than  10~^  cm~’  have  been 
measured  at  5.25  pm  (Ref.  1)  and  1.06  pm.^  It  is  felt 
that  a major  reason  for  this  lies  in  the  higher  surface 
absorptions  encountered  at  chemical  laser  frequencies. 
In  addition  to  the  obvious  problem  of  OH~  contami- 
nation at  HF  wavelengths,  it  has  been  found  that  most 
organics  commonly  used  to  clean  surfaces  of  window 
samples  have  strong  absorption  bands  in  the  DF  to  HF 
region.  In  some  cases  it  has  been  observed  that  chem- 
ical cleaning  with  an  appropriate  solvent  just  prior  to 
measurement  can  reduce  the  absorption  by  one  half  of 
its  value  prior  to  cleaning.  This  sensitivity  to  chemical 
cleaning  is  not  shared  by  materials  measured  at  5.25  pm 
or  1.06  iim,  and  it  is  probably  for  this  reason  that  ab- 
sorption coefficients  are  lower  there  than  at  chemical 
laser  frequencies.  Efforts  will  be  reported  on  the 
methods  used  to  minimize  this  source  of  absorption. 

A review  of  the  experimental  techniques  used  to 
measure  the  small  residual  absorption  in  highly  trans- 
parent materials  will  be  given  in  the  next  section.  This 
section  will  also  include  the  procedures  employed  in 
handling  and  preparing  the  samples  for  measurement. 
Following  this,  experimental  residts  will  be  given  in  Sec. 
Ill  for  all  materials  studied.  Finally,  a summary  of 
results  will  be  given  along  with  recommendations  of  the 
best  materials  at  the  present  time  for  use  as  low-loss 
chemical  laser  windows. 

II.  Experimental  Techniques  and  Procedures 

A.  Laser  Calorimetry 

Standard  laser  calorimetric  methods^  were  employed 
to  measure  the  small  absorption  coefficients  at  chemical 
laser  frequencies.  The  experimental  arrangement 
consisted  of  either  an  air  or  vacuum  calorimeter  and  a 
small  cw  DF-HF  chemical  laser  of  our  own  construction. 
This  laser,  which  is  similar  in  design  to  one  built  by 
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Hinchen/  is  of  the  SFe  variety,  delivering  from  5 W to 
10  W of  cw  multiline  HF  power  and  about  6 W of  cw 
multiline  DF  power.  The  calorimeters  are  conven- 
tional' except  for  a series  of  small  holes  along  the  bot- 
tom that  admit  dry  nitrogen  purge  gas  to  the  air  calo- 
rimeter when  it  is  used  for  HF  measurements.  In 
practice,  the  absorption  of  HF  radiation  by  air  in  the 
calorimeter  and  subsequent  distortion  of  the  heating- 
cooling curves  due  to  heating  of  the  air  have  not  been 
detected  even  without  the  purge.  Purge  gas  is  fre- 
quently used,  however,  to  minimize  any  errors  in  the 
temperature-time  data  and  in  measuring  the  laser 
power.  The  vacuum  calorimeters  are  used  for  the  hy- 
droscopic materials. 

A three-slope  method’’  is  applied  to  the  data  for  the 
calculation  of  fi.  The  fractional  power  absorbed  at  t he 
surfaces  has  been  measured  hy  two  different  techniques. 
The  first  is  an  older  method  in  which  the  total  absorp- 
tion is  measured  as  a function  of  .sample  length  L.  An 
extrapolation  of  a plot  of  0L  vs  L to  zero  length  then 
gives  a measure  of  the  loss  per  surface  while  the  slope 
gives  ihe  bulk  The  other  method’’’  was  developed  by 
Hass  and  involves  measuring  the  absorption  in  long, 
bar-shaped  samples.  With  the  appropriate  sample 
geometry  it  is  po.ssible  to  distinguish  between  surface 
and  bulk  absorption  directly  from  slope  changes  in  the 
temperature-time  curves. 

B.  Sample  Procurement  and  Preparation 

The  samples  studied  have  been  procured  from  a wide 
variety  of  window  material  processors.  In  most  cases 
the  samples  are  received  with  a good  surface  finish. 
When  this  is  the  case,  the  sample  is  run  as-received  in 
order  to  obtain  a d unbiased  by  any  of  our  polishing  and 
cleaning  techniques.  After  an  initial  measurement,  the 
surfaces  are  examined  using  Nomarski  microscopy  and 
then  refinished.  Mechanical  polishing  involves  a final 
polish  with  Linde  B and  isopropanol  with  intermediate 
polishes  using  diamond  grit  for  the  harder  substances. 
For  ZnSe,  a potassium  ferricyanide  chemical  etch  and 
polishing  on  pitch  laps  was  used. 

Surface  cleaning  just  prior  to  measurement  is  one  of 
the  most  important  requirements  for  a reliable  d- 
Popular  CH-bonded  solvents  like  methanol,  ethanol, 
acetone,  etc.,  which  have  absorptions  in  the  DF-HF 
region,  have  been  found  to  produce  higher  absorption 
coefficients  in  crystals  washed  with  these  than  for 
crystals  washed  in,  for  example,  carbon  tetrachloride. 
At  the  present  time,  all  crystals  have  a final  cleaning  in 
spectrograde  CCU.  With  a good  surface  finish  and 
careful  cleaning  it  has,  on  occasion,  been  possible  to 
reduce  the  total  d of  the  as-received  sample  by  more 
than  one-half  of  its  original  value.  Cases  where  this 
occurs  are  indicated  in  the  explicit  results  that  follow. 

III.  Exparlmanial  RasuNa  and  Oiacuaslon 

A.  Zinc  Salanlde 

An  important  material  at  10.6  /tm,  zinc  selenide  holds 
great  promise  as  a window  at  chemical  laser  frequencies 
as  well.  This  material  has  a negligible  intrinsic  ab- 
sorption at  3.8  nm,  and  thus  it  is  expected  that  the 
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DF-HF  absorption  coefficients  will  be  extrinsically 
limited.  All  ZnSe  studied  is  polycrystalline,  CVD 
grown  material  obtained  from  Raytheon  Research  Labs. 

The  oldest  sample,  grown  several  years  ago,  was 
ZnSe-96.  This  sample  had  a total  d equal  to  3 X 10”® 
cm”'  at  10.6  Mm  but  had  absorption  coefficients  almost 
ten  times  greater  at  DF  and  HF  wavelengths; 

^(DF)  - 3.3  X 10”*  ± 4%  cm”', 

/3(HF)  - 2.2  X 10-»  i 7%  cm”*. 

These  values  were  obtained  from  the  as-received  sam- 
ple, and  no  further  work  was  pursued  on  this  piece  be- 
cause better  material  was  being  received.  In  particular, 
ZnSe-96  exhibited  the  usual  light-dark  bands  which 
often  ch.aracterized  Raytheon’s  early  material.  It  was 
decided  to  concentrate  on  the  more  recent  ZnSe  which 
was  free  of  these  obvious  bands. 

The  next  sample  received  for  study  was  part  of  Ray- 
theon’s absorption  standard  series  (No.  40).  This 
sample  had  a total  d equal  to  1 .98  X lO”’®  ± 4%  cm”'  at 
10.6  Mna  as  measured  by  us  (1.69  X 10~®  cm”'  as  mea- 
sured by  Raytheon  at  10.6  moi).  Our  value  is  that 
measured  after  cleaning  the  surfaces  in  methanol.  On 
the  as-received  sample  the  10.6-Mm  absorption  was 
measured  to  be  2.48  X 10”®  cm”'.  Here  is  an  example 
of  the  effect  of  a simple  chemical  cleaning  on  the  total 
d.  In  this  case  the  absorption  was  reduced  by  about  50% 
by  the  methanol  wash.  The  absorption  at  chemical 
laser  wavelengths  was  found  to  be  substantially  reduced 
from  the  high  values  previously  measured  in  ZnSe-96. 
The  total  d’s  were  found  to  be 

5(DF)«  2.2X10"’ cm"', 

^(HF)  - 4.0  X 10"’  cm"', 

for  the  sample  after  the  methanol  wash. 

Even  though  the  absorption  was  reduced  to  the  low 
10”®-cin”'  region  at  DF-HF  frequencies,  this  was  still 
far  above  the  intrinsic  level  for  this  material.  In  order 
to  determine  how  much  of  this  absorption  was  due  to 
the  surfaces  a third  sample  was  obtained  from  Raytheon 
(Run  1-20).  This  rectangular  parallelepiped  was  cut 
into  four  lengths  for  fiLvsL  measurements  at  10.6  am, 
3.8  Mm,  and  2.7  Mm. 

For  the  DF-HF  wavelength  measurements  the  sam- 
ple surfaces  were  mechanically  polished  using  diamond 
grits  with  a final  polish  using  Linde  B and  isopropanol. 
All  surfaces  were  cleaned  prior  to  measuring  with 
spectrograde  CCI4.  For  the  CO2  calorimetry,  the  above 
finishes  were  further  refined  using  a chemical  etch 
(potassium  ferricyanide).  An  important  consideration 
in  all  these  measurements  was  that  the  surfaces  were  all 
treated  identically  for  each  series  of  measurements  at 
a given  laser  frequency. 

The  ffL  vs  L plots  for  all  three  laser  wavelengths  are 
shown  in  Fig.  1.  A least  squares  fit  was  made  to  the 
data,  and  the  following  0's  extracted  are  listed  in  Table 
I along  with  the  earlier  ZnSe  results  which  are  summa- 
rized for  completeness.  The  surface  absorption  shown 
represents  the  fractional  power  loss  for  two  surfaces. 

Several  important  features  can  be  gleaned  from  the 
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Fig.  1.  DeUrrnination  of  surface  and  bulk  absorption  in  Raytheon 
CVD  ZnSe  at  CO3,  DF,  and  HP  laser  frequencies. 


results  in  Table  I.  The  first  is  that  for  the  two  most 
recent  ZnSe  samples  supplied  by  Raytheon,  No.  40  and 
1-20,  the  total  absorption  is  about  the  same  for  all  three 
laser  lines.  It  is  a little  higher  at  HP,  but  this  may  be 
due  to  the  presence  of  OH“  in  the  bulk  or  on  the  surface 
of  the  samples.  In  a further  reduction  of  the  data  into 
surface  and  bulk  contributions,  we  see  the  surprisingly 
large  surface  absorption  which  dominates  the  total  0. 
It  is  clear  that  a marked  decrease  in  ffturt.  would  mean 
a much  improved  window  material  since  the  dbuik  is 
quite  good. 

B.  Silicon  and  Germanium 

To  investigate  further  the  optical  properties  of 
semiconductors,  several  samples  of  silicon  and  one 
germanium  sample  were  studied.  The  single  crystal 
silicon  came  from  Wacker  Chemical  Company  in  Ger- 
many and  was  P type  with  a high  resistivity  of  15,000 
O-cm.  A sample  of  low  resistivity  (14.5  fi-cm),  poly- 
crystal silicon  was  obtained  for  comparison  from  Unique 
Optical. 

The  results  of  the  chemical  laser  calorimetric  mea- 
surements are  shown  in  Table  II.  Commercial  chemical 


Table  1 

. Absorption  Coefficients  for  ZnSe  at  CO,,  OF,  and  HF  Wavelengths 

Sample 

Wavelength 

(pm) 

0i„ul(cm"‘) 

0bulk  (cn»*‘) 

^surface 

ZnSe-96 

10.6 

3.0  X 10-> 

— 

— 

3.8 

2.2  X 10-’ 

— 

— 

2.7 

3.3  X 10-’ 

— 

— 

Std.  No.  40 

10.6 

1.98  X 10->  t 4% 

— 

— 

3.8 

2.2  X 10-’ 

— 

— 

2.7 

4.0  X 10-’ 

— 

— 

I 20 

10.6 

2.62  X 10“* 

7.12  X 10*'  J 10% 

3.8  X 10**  t 10% 

3.8 

2.62  X 10-> 

4.8  X 10*' 

2.14  X 10*’ 

2.7 

4.06  X 10** 

7.34  X 10*' 

3.32  X 10** 

Table  II.  Absorption  Coefficients  for  Ge  and  SI  at  OF  and  HF  Wavelengths 

Wavelength 

Sample 

(pm) 

Aotal  (««"■') 

Comments 

Ge  (Cal  Tech) 

3.8 

1.6  X 10** 

Before  polish 

1.36  X 10*’  J 4% 

After  polish 

2.7 

1.6  X 10*’ 

Before  polish 

1.3  X 10*’  t 1% 

After  polish 

Si  (Cal  Tech) 

3.8 

7.85  X 10*'  1 6% 

15,000  n-cm 

2.7 

5.5  X 10-*  » 2% 

Si  (Unique  Optical) 

3.8 

2.53  X 10*'  • 3% 

14.5  fl-cm 

2.7 

1.4  X 10*’  t 3% 

Table  III.  Strontium  Fluoride  (Raytheon-Cast) 

Sample  No. 

Length  (cm) 

Total  absorption  coefficient  (cm*') 

DF  HF 

Comment 

VHP- 27  5 

— 

8x  10*' 

1.4  X 10*’ 

Inhomogeneous 

VHP-348 

4.44 

7.0  X 10*' 

6.3  X 10*' 

As  received 

1.88 

10  X 10*' 

16  X 10*' 

0.86 

12  X 10*' 

19  X 10*' 

4.44 

4.1  X 10*' 

3.8  X 10*' 

Re  polished 

1.88 

7.7  X 10*' 

11  X 10*' 

0.86 

17  X 10*' 

24  X 10*' 

VffP-400 

1.0 

3.5  X 10*' 

3.3  X 10*’ 

Test  window  sample 
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Fig.  2.  Determination  of  surface  and  hulk  abnorption  in  Raytheon 
cafil  SrF2  at  DF  and  HF  lajicr  frequenciea. 

poliRhes  were  applied  to  both  the  ('erinanium  and  silicon 
samples.  Before  and  after  polish  measurements  are 
shown  for  germanium,  only  the  after  polish  for  silicon. 
No  polish  was  applied  to  the  silicon  from  Unique  Op- 
tical due  to  the  high  absorption. 

C.  Strontium  Fluoride 

Strontium  fluoride  has  the  potential  of  being  one  of 
the  best  window  materials  at  chemical  laser  wavelengths 
owing  to  partially  compensating  physical  parameters. 
In  terms  of  figure  of  merit  this  means  a large  power  may 
be  transmitted  before  the  window  fractures  or  optically 
distorts  the  beam.^  Most  of  the  effort  on  SrFz  has  been 
restricted  to  the  cast  polycrystalline  SrF2  provided  by 
Raytheon  Research  Labs. 

The  first  sample  studied  was  an  irregular  shaped 
piece,  VHP-275.  Unfortunately,  inhomogeneities  in 
0 were  detected  across  the  sample,  but  representative 
values  are  given  in  Table  III.  This  sample  was  not 
pursued  further  due  to  the  inhomogeneities  found  in  0. 

The  major  portion  of  the  effort  on  this  host  was  de- 
voted to  Raytheon  SrF2  (VHP-348).  This  rectangular 
parallelepiped  (0.86  X 1.88  X 4.44  cm)  was  used  to  ob- 
tain 0Lva  L data.  The  first  set  of  data  taken  were  on 
the  as-received  sample.  Then  due  to  some  unusual 
discrepancies  observed  in  0 for  the  various  lengths 
(discussed  below)  and  because  the  surfaces  as  viewed 
by  Nomarski  microscopy  were  rather  scratched,  the 
surfaces  were  repolished.  The  repolishing  involved 
using  Linde  B and  distilled  water  followed  by  a CCI4 
rinse. 

The  results  for  the  as-received  and  repolished  SrF2 


sample  are  given  in  Table  III  for  each  length.  From 
these  results  it  is  easily  seen  that  there  is  consistent 
nonuniformity  in  the  0 values  between  the  longest  side 
(4.44  cm)  and  the  other  two  sides  at  either  DF  or  HF" 
frequencies.  This  makes  a plot  of  0L  vs  L meaningless, 
and  thus  no  such  plots  are  shown  of  these  data. 

In  order  to  investigate  this  anisotropy  in  the  ab- 
sorption coefficient  and,  in  particular,  to  determine  if 
it  is  due  to  some  surface  effect,  a vacuum  cle2ming  of  the 
sample  was  tried.  The  sample  was  soaked  at  30d°C  in 
a 10~®-Torr  vacuum  for  several  hours  before  being 
placed  in  a vacuum  calorimeter  for  measurement.  On 
remeasuring  the  absorption,  the  total  absorption  for 
each  length  was  in  better  agreement.  These  data  are 
plotted  o.n  a 0L  vs  L plot  in  Fig.  2.  A least  squares  fit 
through  the  data  yields  slopes  with  bulk  0's  in  the  mid 
10~^-cm“'  range  for  both  DF  and  HF  frequencies,  "^rhe 
data  still  show  too  much  scatter,  however,  to  be  useful 
in  determining  a reliable  surface  absorption. 

Table  111  also  shows  results  on  one  of  several  5-cm 
(2-in.)  diam  by  1 -cm  thick  disks  (VHP-400)  of  the  most 
recent  material  supplied  by  Raytheon.  This  material 
has  a very  low  total  0. 

D.  Alkaline  Earth  Fluorides— General 

Several  CaF2  samples  were  acquired  from  Hughes 
Research  Laboratories  for  measurement.  The  samples 
received  were  forged  CaF2  and  single  crystal  CaF2.  All 
were  polished  and  chemically  cleaned  then  potted  with 
a plastic  film  prior  to  shipping.  Just  prior  to  mea- 
surement, this  protective  coating  was  removed.  It  was 
observed  in  some  cases  that  on  further  cleaning  the 
absorption  went  down.  This  may  be  due  to  the  removal 
of  a residue  left  on  the  surface  by  the  plastic  film. 

The  results  for  several  samples  are  listed  in  Table  IV 
along  with  comments  pertaining  to  the  type  of  surface 
finish  used.  From  the  table  it  can  be  seen  that  the 
single  crystal  material  has  a slightly  lower  absorption 
than  the  forged  material.  In  fact  the  single  crystal 
material  is  the  lowest  DF  0 measured  to  date  in  CaF2. 
Another  piece  of  forged  CaF2  in  the  shape  of  a long  bar 
has  indicated,  however,  that  the  0 in  the  forged  material 
is  not  always  so  high. 

The  results  for  the  total  absorption  in  a variety  of 
commercial  alkaline  earth  fluoride  samples  are  compiled 
in  Table  V.  These  results  clearly  indicate  the  variation 
still  present  in  0's  obtained  from  different  vendors.  It 
is  expected  that  these  fluctuations  will  become  smaller 
in  time  as  materials  processing  of  these  hosts  improves. 


Table  IV.  Calcium  Fluoride 
(Hughes  Research  Laboratory) 


Sample 

Comment 

Absorption  coefficient 

DF  HF 

HI  309-74 

Frirged  bar 

2.7  X 

lO"*  (bulk) cm"' 

1.8  X 10"*  (bulk)  cm"’ 

HI  309- 24 

Forged  disk 

1.3  X 
1.3  X 

10~'  (two  surfaces) 
10*’  cm"’ 

2.8  X 10"*  (two  surfaces) 
3.0  X 10"’  cm"’ 

HI  .309-07-A 

Single  crystal 
As  received 

5.5  X 

10"*  cm"’ 

9.3  X 10"*  cm"’ 

Repolished 

1.7  X 

10"*  cm"’ 

4.9  X 10'*  cm"’ 

1«64 
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Table  V.  Alkaline  Earth  Eluorides 


% 

Absorption  coefficient  (cm"') 

Host 

Supplier 

DF 

HF 

CaF. 

Adolf  Metier 

21  X 10"* 

2.2  X 10"* 

CaF, 

Raytheon 

6.0  X 10"* 

1.5  X 10"* 

CaF, 

Harshaw 

2.7  X 10"* 

6.2  X 10"* 

CaF, 

Optovac 

5.9  X 10"* 

0.78  X 10"* 

BaF, 

Adolf  Meller 

2.0  X 10"* 

0.:  1 X 10"* 

BaF, 

Optovac 

20  X 10"* 

1.8  X 10"’ 

SrF, 

MgF, 

Optovac 

9.5  X 10"* 

1.6  X 10"’ 

Optovac 

4.6  X 10"* 

0.86  X 10"’ 

Table  VI.  Absorption  Coefficients  for  NaF  at  DF  and 
HF  Wavelengths 


Sample 

Wavelength 

(pm) 

Aolal 
(cm" ') 

NaF:Li  (NRL960) 

3 8 

7 X 10"* 

2.7 

9 X 10"* 

NaF  (2nd  Gen.  No.  1 1 ) 

3.8 

2.7  X 10"* 

2.7 

4.3  X 10"* 

Table  VII.  Multiline  Chemical  Laser  Outout 


DF  (pm) 

IIF  (pm) 

3.75 

2.738 

3.837 

2.906 

3.876 

2.866 

2.777 

2.818 

E.  Sodium  Fluoride 

Two  samples  of  NaF  received  from  the  Naval  Re- 
search Laboratory  were  studied  in  detail.  One  sample 
had  a small  amount  of  Li  ( 1 mole  %)  added  to  the  melt. 
The  other  was  a pure,  second  generation  grown  ingot. 
The  results  for  both  samples  are  given  in  Table  VI.  In 
each  case  the  values  given  represent  the  average  value 
after  repolishing  the  samples  and  chemical  cleaning  just 
prior  to  measurement. 

Quite  clearly,  the  purer,  second  generation  NaF  has 
lower  over-all  absorption  as  might  be  expected  a priori. 


One  reason  for  this  is  the  reduction  of  the  OH~  con- 
centration which  occurs  in  the  second  generation  growth 
process.  A reduction  of  the  OH~  has  correspondingly 
reduced  the  I'F  absorption.  One  can  be  even  more 
specific  and  look  at  the  position  of  the  main  OH~  band 
in  NaF  which  occurs  at  2.78  /im  (Ref.  7)  and  compare 
this  with  the  multiline  HF  laser  output.  Table  VII 
contains  a partial  list  of  the  frequencies  present  in  our 
multiline  output  (strongest  to  weakest).  One  sees  that 
indeed  the  strongest  HF  lines  are  very  near  the  OH“  line 
in  NaF.  The  lines  at  2.738  pm  and  2.777  pm  should  be 
strongly  absorbed  by  the  0H“,  and  thus  a measurement 
of  the  HF  d is  a indication  of  the  OH~  impurity  content 
in  the  crystal. 

F.  Miscellaneous  Alkali  Halides 

In  this  section  we  shall  summarize  the  results  of  ab- 
sorption coefficient  measurements  on  LiF,  NaCl,  KCl, 
KBr,  and  KRS-ft.  Both  polycrystalline  (P)  and  single 
crystal  (S)  samples  received  from  several  vendors  were 
studied.  All  materials  (except  KRS-5)  were  polished 
just  prior  to  measurement,  and  chemical  etches  were 
applied  to  KCl  and  KBr.®  The  chemical  etch  not  only 
helps  reduce  surface  absorption  but  al.so  passivates,  to 
some  extent,  the  surfaces  against  atmospheric  moisture. 

The  results  for  these  hosts  are  given  in  Table  VIII. 
The  data  for  LiF  indicate  the  intrinsic  nature  of  this  salt 
at  DF  frequencies.  Deutsch®  has  published  a 0 vs  ui 
curve  for  LiF,  and  from  this  we  extract  an  intrinsic  0 = 
1 X 10"®  cm"’  at  around  3.8  pm.  The  frequency  spread 
of  the  DF  multiline  output  influences  the  0 value  mea- 
sured since  our  value  is  an  average  over  this  small  fre- 
quency range.  Thus  the  average  DF  0 in  LiF  of  about 
1.8  X 10"®  cm"'  is  essentially  intrinsic  with  the  differ- 
ence between  dmeu  (L8  X 10"®  cm"’)  and  dint  (1  ^ 10"® 
cm"’)  being  mostly  due  to  the  frequency  spread  of  the 
multiline  laser  output  used  in  the  measurements. 

The  Polytran  NaCl  has  a very  low  DF  absorption — 
one  of  the  lowest  measured  0's  of  any  crystal  studied  to 
date.  KCl  and  KBr  also  exhibit  a low  bulk  0.  In  gen- 
eral, the  alkali  halides  show  some  of  the  smallest  0’s 
measured  at  DF-HF  wavelengths. 

G.  Yttralox 

Yttralox  is  a cubic,  polycrystalline  ceramic  (90%  Y2O3 
and  1 Th02)'°  which  shows  increasing  potential  as  a 


Table  VIII.  Miscellaneous  Alkali  Halides 


Hoet 


Supplier 


DF 


Absorption  coefricient 


HF 


1.5  X 10"*  cm"' 

6,9  X 10"*  (bulk) cm" 


NaCl  (F) 

Harshaw 

NaCl  (5) 

Harshaw-Bar 

KCl 

Harshaw 

KCl 

Adolf  Meller 

KCl 

Harshaw-Bar 

KBr 

NRLB212 

LiF 

Harshaw 

KRS5 

Harshaw 

1.1  X 10"*  (two  surfaces) 
3.3  X 10"*  cm"' 

3.3  X 10"*  cm"' 

2.1  X 10"*  (bulk) cm"' 

1.0  X 1 0 "*(lwo  surfaces) 
1.6  X 10"*  (bulk)cm"' 

2.4  X 10"*  (two  surfaces) 

2.1  X 10"*  cm"' 

2.3  X 10"*  cm"' 


1.8  X 10"*  cm"' 


1.5  X 10"*  cm"' 

1 X 10"’cm"' 

3.7  X 10"*  (bulk)  cm"' 
1.2  X 10"*  (two  surfaces) 
1.2  X 10"*  (bulk)  cm"' 

1.4  X 10"*  (two  surfaces) 

7.4  X 10"*  cm"' 

3.5  X 10'*  cm"' 
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Tabic  IX.  Absorption  Coefficients  for  Yttralox  at  DF 
and  HF  Wavelengths 


Sample 

Wavelength 

(pm) 

0un»i 

(cm"') 

Ax  received 

3.8 

1.4  X 10"’ 

2.7 

1.4  X 10"’ 

After  oxygen  treatment 

3.8 

2.3  X 10"* 

2.7 

3.8  X 10"* 

Table  X.  Miscellaneous  Oxides 

Absorption  coefficient 

(cm" 

■) 

Host 

Source 

OF 

HF 

Al.O, 

Crystiil  .Syslomi. 

2.4  X 10"’ 

3.4  X 10"* 

A1,0, 

Union  Carbide 

2.ry  X 10"’ 

2.6  X 10"’ 

A1,0, 

AMMRC 

3.4  X 10"’ 

4 X 10"* 

MgO 

Norton 

5.4  X 10"* 

4.0  X 10"’ 

.SrTiO, 

NL  Industries 

2 X 10"’ 

6x  10"* 

Fig.  3.  Intrinsic  absorption  (straight  line)  and  extrinsic  absorption 
in  single  crystal  MgO  (Norton  Co.).  Extrinsic  absorption  bands  are 
seen  to  lie  between  the  OF  and  HF  calorimetric  data  pointa. 


window  for  short  wavelength  lasers.  This  oxide  mate- 
rial is  produced  by  General  Electric  Corporate  Research 
and  Development  Laboratories.  The  data  in  Table  IX 
indicate  the  rather  high  values  of  (i  for  an  initial  sample 
of  this  material.  The  reason  for  this  high  extrinsic  ab- 
sorption is  the  presence  of  strong  impurity  hands  lying 
directly  between  the  S.S-pm  and  2.7-pm  laser  lines.'* 
These  impurity  bands,  which  are  presumably  associated 
with  oxygen  or  0H~  impurities,  are  also  common  to 
other  oxides,  e.g.,  MgO.  The  reduction  of  these  bands, 
which  clearly  limits  the  absorption  coefficients  at  DF 
and  HF  wavelengths,  could  lower  the  absorption  to  near 
the  intrinsic  value  of  1 X 10~^  cm~'  at  3.6  itm. 

In  order  to  reduce  these  impurity  hands,  which  might 
be  associated  with  oxygen  vacancies  in  the  material,  a 


heat  treatment  of  the  sample  in  a small  amount  of 
oxygen  was  attempted  in  order  to  drive  oxygen  into 
these  vacancies  making  the  ceramic  more  stoichiomet- 
ric. The  initial  sample  (/3  ~ 1.4  X 10“®  cm"*)  was  re- 
turned to  General  Electric  for  conditioning  in  a high 
temperature,  oxygen-containing  (~10  ppm  Og  in  argon) 
atmosphere.  On  remeasuring  the  oxygen  treated 
sample,  the  DF  absorption  coefficient  had  l^n  reduced 
by  a factor  of  6 and  the  HF  a factor  of  over  4.  From 
Table  IX,  however,  we  see  that  the  material  is  not  yet 
intrinsic  so  that  further  treatments  may  be  necessary 
to  reduce  to  its  theoretical  limit. 

H.  Miscellaneous  Oxides 

Table  X lists  results  of  j3  for  some  other  common  ox- 
ides. Sapphire  is  essentially  intrinsic  at  3.8  pm,  and 
thus  no  significant  improvement  in  is  expected.  MgO 
is  extrinsically  limited  by  OH"  bands  lying  between  the 
DF  and  HF  region.  These  bands,  which  are  very  similar 
to  those  lying  between  the  DF  and  HF  region  in  Yttra- 
lox, are  shown  in  Fig.  3.  These  data  were  obtained  from 
a Beckman  IR-12  spectrometer.  A reduction  of  these 
bands  should  greatly  improve  the  absorption  in  this 
material. 


T 1 1 ~~i 
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Fig.  4.  Range  of  absorption  coefficients  in  various  chemical  laser 
window  materials  at  3.8  uro. 


ABSORPTION  COEFFICIENT  (»’>} 

Fig.  &.  Range  of  absorption  coefTicients  in  various  chemical  laser 
window  materials  at  2.7  am. 
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IV.  Summary  and  Conclusions 

In  the  preceding  sections,  detailed  discussions  on 
many  of  the  most  likely  candidates  for  use  as  chemical 
laser  window  materials  were  presented.  It  is  now  pos- 
sible to  collect  all  these  data  into  two  composite  graphs 
which  represent  at  the  present  time  the  extent  of  our 
DF-HF  absorption  coefficient  measurements.  Such 
a composite  will  enable  the  reader  to  determine  quickly 
the  range  of  0’a  observed  for  any  particular  host  studied 

The  composite  data  at  DF  frequencies  are  shown  in 
Fig.  4.  The  bars  indicate  the  range  of  total  (bulk  plus 
surface)  absorption  measured.  Figure  5 shows  results 
for  the  same  samples  at  HF  frequencies. 

It  is  possible  to  draw  cautiously  some  conclusions 
about  the  be.st  potential  laser  window  materials  from 
Figs.  4 and  5.  Care  is  necessary  because  the  absorption 
is  only  one  of  several  critical  parameters  which  dictate 
the  effectiveness  of  the  material  as  a chemical  laser 
window.  Therefore,  from  essentially  only  an  absorption 
coefficient  point  of  view,  one  can  lay  that  the  alkaline 
earth  fluoride  and  the  alkali  halides  arc  the  best  window 
candidates  at  this  time.  The  most  promising  oxide 
material  would  be  Yttralox,  while  the  semiconducting 
material  of  greatest  appeal  would  be  ZnSe.  These 
recommendations,  as  mentioned  above,  would  have  to 
be  weighted  in  terms  of  other  physical  parameters  en- 


tering, for  example,  the  figure  of  merit  for  the  material^ 
in  order  to  obtain  the  best  window.  In  addition  of 
course,  the  specific  requirements  of  the  application 
would  further  limit  the  choice. 

The  authors  are  extremely  grateful  to  the  many 
contributors  mentioned  in  the  main  text  for  providing 
state-of-the-art  materials  to  us  for  these  measurements. 
This  research  was  supported  by  the  Advanced  Research 
Projects  Agency  of  the  Department  of  Defense  and  by 
the  ONR  Metallurgy  Division. 
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Infrared  bulk  and  surface  absorption  by 
nearly  transparent  crystals 

Herbert  B.  Rosenstock,  Don  A.  Gregory,  and  James  A.  Harrington 


We  present  an  analysis  of  laser  ralurimotric  data  that  deduces  both  the  bulk  and  the  surface  absorption  in  a 
single  run.  The  method  involves  use  of  long  rod  geometry  combined  with  an  analytical  solution  of  the  heat 
equation  fur  the  temperature  distribution  in  a sample  that  is  heated  both  internally  and  on  the  surfaces. 
Bulk  and  surface  absorption  coefficients,  heat  transfer  coefficient,  and  thermal  diffusivity  appear  as  param- 
eters; the  last  is  treated  as  known,  and  the  thermal  rise  curve  is  fitted  to  the  three  others.  The  solution  ob- 
tained is  valid  at  all  points  and  times,  and  measurement  of  the  temperature  during  and  after  laser  heating 
at  different  points  therefore  narrows  the  possible  fit  considerably.  Examples  illustrating  the  method  are 
presented  for  ZnSe,  CaFs,  NaF:l,i,  NaCI,  KBr,  and  KCI  at  2.7  pm,  3.8  pm,  and  10.6  pm.  Surface  absorption 
is  found  to  be  dominant  in  all  cases. 


I.  Iniroductlon 

We  have  measured  the  ahsurption  of  several  almost 
transparent  crystals  at  several  ir  frequencies  (see  Table 
I).  On  account  of  the  weakness  of  the  absorption,  the 
usual  direct  spectroscopic  method,  which  involves 
comparison  of  the  intensities  of  the  incoming  and 
outgoing  beams,  fails,  and  laser-calorimetry  techniques 
must  be  used:  what  is  measured  at  a certain  point  on 
the  crystal  is  the  temperature  rise  as  a function  of  time 
while,  and  after^  the  sample  is  penetrated  by  a laser 
beam;  this  can  then  be  related  to  the  absorption  coef- 
ficients of  the  material.  That  relationship  b not  wholly 
straightforward,  but  sufficiently  careful  analysis  enables 
us  to  determine  separately  both  the  bulk  absorption 
coefficient  and  the  total  absorption  at  the  surfaces.  In 
all  cases,  we  have  found  the  latter  to  dominate — a con- 
sequence, undoubtedly,  of  the  considerable  care  that  has 
been  taken  in  purifying  and  perfecting  the  crystals,  thus 
probably  reducing  the  bulk  absorption  close  to  its  in- 
trinsic or  multiphonon  minimum.  As  the  practical 
motivation  for  this  work  is  the  discovery  and  prepara- 
tion of  highly  transmitting  solids  (for  applications  such 
as  windows  to  a high  power  laser),  the  fact  that  surface 
rather  than  bulk  absorption  is  now  dominant  even  for 
fairly  thick  crystals  is  important  in  guiding  further  ef- 
forts. 


H.  B.  RoMtMtuck  ii  with  the  U.S.  Naval  Research  Laboratory, 
Washington  D.C.  20375;  the  other  authors  are  with  University  of 
Alabama,  Huntsville,  Alabama  35807. 

Rsceivsd  1 March  1976. 


In  Sec.  II  we  describe  our  method  of  analyzing  data, 
show  its  relation  to  the  more  usual  simpler  techniques, 
and  explain  why  we  believe  that  the  extra  effort  is 
worthwhile  and  indeed  essential.  In  Sec.  Ill  we  describe 
our  experimental  arrangements  and  our  results,  and  in 
Sec.  IV  we  discuss  their  significance.  The  Appendix 
contains  the  dry  mathematical  detail  needed  for  Sec.  II. 

II.  Analysis:  Temperature  Distribution 

We  need  the  solution  to  the  following  problem  in  heat 
conduction:  A solid,  originally  at  a uniform  tempera- 
ture, is  heated  by  a source  constant  in  time  from  time 
t » 0 to  time  t « ti.  What  is  the  temperature  at  all 
points  and  times?  This  is  a classical  boundary  value 
problem  whose  solution  is  outlined  in  at  least  one 
standard  textbook.*  But,  in  spite  of  a recent  resurgence 
of  intere8t,^~*  we  have  found  no  detailed  solution  of  this 
precise  problem  suitable  for  our  purposes,  and  we 
therefore  present  it  here. 

First,  however,  let  us  consider  the  usual  simple  pro- 
cedure for  inferring  absorption  coefficients  from  laser 
calorimetry  data  (i.e.,  temperature  vs  time  curves). 
There,  one  assumes  small  samples  and  neglects  heat 
losses  to  the  environment;  more  precisely,  it  is  assumed 
that  absorption  of  energy  anywhere  in  the  sample  re- 
sults instantaneously  in  a temperature  rise  that  is  uni- 
form throughout  the  sample.  The  slope  of  the  resulting 
thermal  rise  curve  alone  (rather  than  the  detailed  shape 
of  the  curve)  is  then  analyzed  to  yield  an  average  ab- 
sorption coefficient.  This  simple  procedure  ignores  all 
space  dependence  of  the  temperature  and  thus  implic- 
itly assumes  immediate  thermalization.  (The  heat 
absorbed  is  supposedly  dispersed  uniformly  through  the 
sample  and  in  a time  shorter  than  of  experimental  res- 
olution.) Much  obtainable  information  is  in  effect 


September  1976  / Vd.  IS.  No.  9 / APPLCD  OPTICS  207S 


discarded  when  experimental  conditions  make  that 
assumption  valid.  For  example,  by  acutally  measuring 
temperature  differences  as  u function  of  position  (rather 
than  assuming  that  none  exist),  we  can  learn  about  the 
source  of  the  heat  (e.g.,  bulk  vs  surface  absorption), 
particularly  in  samples  that  are  long  or  thin.  The 
simple  analysis  is  also  invalid  at  very  short  times  (before 
thermalization  can  occur)  or  very  long  ones  (after  heat 
transfer  across  the  boundary  is  important).  Our  de- 
tailed analysis,  which  explicitly  gives  the  temperature 
as  a function  of  both  position  and  time,  is  therefore 
particularly  useful  for  irregular  geometries  (e.g.,  samples 
that  are  long  or  thin)  and  for  experiments  in  which  time 
resolution  is  good. 

Accordingly,  we  solve  explicitly  the  heat  equation 
T + g/h  = {\/i<)AT/ht  (1) 

subject  to  the  boundary  conditions 

kdT/Hn  + hT  = 0 (all  iHiundariasl  (2) 
and  the  initial  condition 


r - 0 (t  - 0) 


(.I) 


at  all  points  in  the  solid.  Here  ( means  time,  x,y,z  are 
the  space  coordinates,  T = T(x,y,z,t)  is  the  temperature, 
k the  thermal  conductivity,  n = k/cp  is  called  thermal 
diffusivity,  c and  p are  the  specific  heat  and  density  of 
the  solid,  h is  the  heat  transfer  coefficient  (the  rate  at 
which  heat  is  lost  across  the  surface),  n is  the  space 
normal  at  any  point  on  the  surface,  and  g(x,y,z,t)  the 
source  of  heat  (in  our  case  the  heat  absorbed  from  the 
laser  beam  traversing  the  solid).  Our  general  boundary 
conditions  (called  boundary  conditions  of  the  third 
kind)  reduce  to  simpler  ones  when  h/k  approach  either 
0 (second  kind — insulated  surfaces)  or  infinity  (first 
kind— a heat  bath).  Explicit  solutions  of  this  system 
can  be  obtained  for  certain  coordinate  systems  (we  have 
done  so  in  rectangular  and  cylindrical  ones)  and  for 
certain  forms  of  the  source  function  g;  the  forms  of  g for 
which  this  is  possible  are  fairly  restrictive  but  corre- 
spond closely  to  what  we  need  in  practice.  The  first 
restriction  we  put  on  g is  on  its  time  dependence:  the 
source  must  be  either  on  or  off  and  not  vary  with  time 
in  any  more  complicated  way: 


, ,,  «o(x,y.r)  0<«<4|. 

0 olherwi«. 


(4) 


go  can  contain  both  surface  and  bulk  terms,  but  to 
allow  proceeding  further  in  closed  form,  the  beam  pro- 
file, i.e.,  the  y,z  dependence  of  go,  must  be  somewhat 
restricted.  We  have  found  three  such  profiles.  They 
are  a delta  function  (i.e.,  an  infinitely  sharp  beam),  a 
step  function  (i.e.,  a beam  of  uniform  intensity  near  the 
center  and  0 elsewhere),  and  a narrow  Gaussian  (narrow 
in  the  sense  that  its  halfwidth  must  be  appreciably 
smaller  than  the  cross  section  of  the  absorber).  Let  us 
write  out  only  the  first  of  these  forms: 


*0  - fIB  + + 5(x  - - U,)t<z  - U.U.  (M 

This  describes  a sharp  beam  of  power  density  P tra- 
versing a rectangular  parallelepip^  along  its  x axis;  the 


solid  extends  through  0 < x < L„  0 < y < Ly,  0 < z < 
L,.  Integration  of  Eq.  (5)  over  the  entire  solid  verifies 
that  d and  S are,  respectively,  the  bulk  absorption 
coefficient  (per  centimeter)  and  total  fractional  ab- 
sorption by  both  surfaces  (dimensionless).  The  results 
are  written  out  in  the  Appendix  and  in  more  detail  in 
Ref.  5.  For  a detailed  derivation,  the  reader  should 
consult  Chap.  2 of  Ref.  1,  or  a similar  text.  For  present 
purposes,  we  can  write  the  temperature  simply  as 

T(x,y,x,t)  - 0 EEL (x.y.z.t)  + S EEE /U!.,  (6) 

mnp  mnp 

The  point  is  that  the  bulk  and  surface  absorption  d and 
S appear  simply  as  multiplicative  constants;  the  Ps  are 
known  (though  fairly  complicated)  functions  depending 
on  the  physical  parameters  p,k,c,  h,  and  the  crystal  di- 
mensions as  well  as  the  indicated  space  and  time  coor- 
dinates; the  sums  over  m,n,p  contain  an  infinite  number 
of  terms  but  converge  reasonably  rapidly.  The  result 
appears  in  the  same  form  for  other  beam  profiles  (only 
the  details  of  the  f's  are  different);  and  the  same  is  true 
for  cylindrical  absorbers.  [In  that  case  the  space 
coordinates  should  be  called  (r,z)  rather  than  (x,y,z), 
and  there  are  only  two  instead  of  three  summations.] 
The  procedure  for  making  measurements  is  now  as 
follows:  attach  a thermocouple  to  a point  (x,y,z ) of  the 
solid;  measure  T there  from  time  0 (laser  turnon)  to 
some  time  beyond  ti  (laser  cutofO;  attempt  to  fit  the 
resulting  curve  to  Eq.  (6)  by  varying  the  bulk  and  sur- 
face absorption  constants  d and  5,  thus  determining  the 
latter  when  a fit  is  obtained.  The  procedure  should 
then  be  repeated  for  placement  of  the  thermocouple  at 
some  other  point  (x,y,z);  a different  curve  will  ob- 
tained, but  it  should  be  (Ittable  by  the  same  d and  S. 
We  should  also  mention  one  unpleasant  complication: 
one  param'eter  entering  into  the  Ps  in  Eq.  (6),  viz.,  the 
heat  transfer  coefficient  h,  is  not  usually  known  and 
so  must  be  treated  as  an  unknown,  together  with  d and 
S,  in  the  fitting  process. 


III.  Experimental  Techniques  and  Procedures 

Standard  laser  calorimetric  methods^  were  employed 
to  measure  the  small  absorption  coefficients  at  chemical 
laser  frequencies.  The  experimental  setup,  which  has 
been  described  elsewhere  in  greater  detail,^  consists  of 
an  air  calorimeter  and  a small  cw  DF-HF  chemical  laser 
of  our  own  construction.^  The  calorimeter  is  conven- 
tional see  Fig.  1,  except  for  a series  of  smaU  holes  along 
the  bc  ttom  that  admit  a purge  gas  (dry  nitrogen,  helium, 
etc.).  In  practice,  the  absorption  of  HF  radiation  by  air 
in  the  calorimeter  and  subsequent  distortion  of  the 
heating-cooling  curves  due  to  heating  of  the  air  have  not 
been  detected  even  without  the  purge.  Purge  gas  is 
frequently  used,  however,  to  minimize  any  errors  in  the 
temperature-time  data  and  to  better  characterize  the 
heat  transfer  coefficient  which  is  of  importance  in  the 
theoretical  prediction  of  the  temperature-time  curves. 

The  samples  studied  have  been  procured  from  a wide 
variety  of  window  material  processors.  The  contribu- 
tors in  this  case  were  the  Naval  Research  Laboratory, 
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Harshaw  ('lu-mical  C-ompany,  and  Raytheon  Corpora- 
tion. In  most  cases,  the  samples  are  received  with  a 
good  surface  finish.  When  this  is  the  case,  the  samples 
are  run  as  received.  After  an  initial  measurement,  the 
surfaces  are  examined  using  Normarski  microscopy  and 
then  refinished.  Mechanical  polishing  involves  a final 
polish  with  lande  R and  isopropanol  with  intermediate 
polishes  using  diamond  grit  for  the  harder  substances. 
For  ZnSe  the  prescriptions  of  Hughes  Research  Lab® 
and  Raytheon'®  for  chemical  etching  on  pitch  laps  were 
utilized. 

Surface  cleaning  just  prior  to  measurement  is  one  of 
the  most  important  requirements  for  a reliable  ab- 
sorption coefficient.  Crystals  washed  with  CH-bonded 
solvents  like  methanol,  ethanol,  acetone,  etc.,  which 
have  absorptions"  in  the  DP-HP  region,  show  higher 
absorption  coefficients  than  crystals  washed  in,  for 
example,  carhon  tet  rachloride.  At  present,  all  samples 
have  a final  cleaning  with  spectrograde  CCI4  just  prior 
to  measurement. 

Measurements  were  made  on  several  crystals  and 
three  frequencies.  A sample  of  the  data  is  shown  in  Pig. 
2.  Here  the  solid  curves  are  the  experimental  mea- 
surements on  a ZnSe  sample  about  6 X 1 X 1 cm  in  size; 
the  points  are  the  best  fit  obtainable  by  varying  the 
parameters  h/k,  0,  and  S.  All  other  parameters  are 
treated  as  known.'®-'®  The  upper  curve  is  a run  taken 
with  the  thermocouple  at  the  center  of  the  surface  (x  ^ 
.‘1  cm),  the  lower  one  with  the  thermocouple  near  the  end 
(z  > 1 cm).  In  the  course  of  the  analysis,  h/k  is  first 
determined  by  fitting  to  the  curve  beyond  the  laser 
cutoff  (because  at  those  times,  no  further  absorption  is 
taking  place  and  the  changes  in  temperature  are 
therefore  largely  due  to  the  surface  heat  losses  and  no 
longer  strongly  dependent  of  the  other  unknowns,  0 and 
S).  Then  the  early  parts  of  the  curves  are  fitted  by 
varying  the  bulk  and  surface  absorption  coefficients. 
Once  this  is  optimized,  further  improvements  are  usu- 
ally possible  by  changing  h again  and  repeating  the 
process.  The  reader  will  note  that  very  good  fits  are 
possible  to  either  curve,  hut  not  to  both  simultaneously 
with  the  same  parameters.  This,  of  course,  p>oints  to  the 
importance  of  making  temperature  measurements  at 
more  than  one  point  if  convincing  values  of  the  ab- 
sorption coefficients  are  to  be  obtained.  Results  are 
summarized  in  Table  1. 


Table  I.  Bulk  Absorption  Coefficient  and  Total  Surface 
Absorption  of  Several  Crystals  at  Three  Wavelengths 


Bulk 

absorption  Surface 

coefficient  absorption 

(cm  ) (dimensionless) 

10*  0 10*  S 

Heat 
transfer 
coeffi- 
cient 
(cm-') 
10*  h/k 

KBr 

2.7  pm 
5 

190 

1 

ZnSe 

50-140 

60-900 

2 

CaF, 

20 

350 

20 

NaF;LiF 

80 

350 

4 

ZnSe 

3.8  pm 

110 

280 

1-2 

CaF, 

25 

270 

32 

NaCI 

90 

4000 

60 

KBr 

10.6  pm 
12 

420 

1 

KCI 

8 

90 

2 

MNUTES 

Fi(.  2.  Sample  of  data  (ZnSe  at  2.7  ^m).  Solid  curves  are  experi- 
mental results:  the  upper  for  measurement  at  the  center  of  the  lateral 
surface:  the  bottom  for  measurement  on  a point  on  the  lateral  surface 
near  an  end  surface.  Individual  points  indicate  attempted  analytical 
fits  by  Eq.  (6).  While  excellent  fits  are  obtainable  for  each  curve 
separately  (squares  and  circles,  respectively),  the  best  to  both  curves 
(crosses)  show  10%  deviations.  See  Table  11. 


Table  II. 


Bulk 

absorption 

coefficient 

Surface  absorption 

Heat 

transfer 

coefficient/ 

thermal 

conductivity 

10' 0 

10*  S 

10*h/ik 

(cm-') 

(dimensionless) 

(cm-') 

n 

146 

0 

0.6 

0 

135 

380 

4.0 

X 

135 

200 

2.0 
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IV.  DIscusclon 

In  discussing  our  data  as  summarized  in  Table  I,  let 
us  first  consider  the  last  column  which  gives  the  heat 
transfer  coefficient  (divided  by  the  presumably  known 
thermal  conductivity).  This  is  nut  a quantity  of  pri- 
mary interest  to  us,  but  must  be  determined  because  it 
is  not  available  in  the  literature.  It  has  two  compo- 
nents, a radiative  and  a convective  one,  of  which  the 
latter  is  believed  to  be  the  more  important.  It  is  also 
the  latter  that  is  most  uncertain  and  probably  respon- 
sible for  the  wide  variations  in  the  third  column.  It 
would  appear  that  convection  currents  arise  inside  the 
calorimeter,  unpredictably,  at  some  times  and  not  at 
others.  Furthermore,  the  great  changes  in  the  effective 
heat  transfer  coefficients  from  one  run  to  the  next  also 
suggest  the  likelihood  of  variations  during  one  run,  in 
contradiction  to  the  implied  as.sumption  in  our  deri- 
vation that  the  heat  transfer  is  constant  in  any  one  run. 
Two  conclusions  must  therefore  be  drawn  from  the  large 
variations  shown  in  the  last  column  of  Table  I:  first, 
that  the  results  in  the  other  two  columns,  which  are  of 
greater  physical  interest,  are  not  wholly  reliable  either 
on  account  of  the  unpredictable  variations  in  the  heat 
transfer  coefficient  (although  we  should  in  fairness  point 
out  that  the  data  are  much  less  sensitive  to  changes  in 
the  heat  transfer  coefficient  than  they  are  to  changes  in 
the  absorption  coefficients),  and,  second,  the  impor- 
tance of  working  in  the  future  with  an  evacuated  calo- 
rimeter in  which  the  convective  and  variable  heat 
transfer  coefficient  will  be  reduced  to  nearly  zero,  and 
only  the  radiative  part  which  indeed  should  remain 
constant  will  be  left.  In  one  case,  KBr  at  2.7  /im,  we 
were  able  to  reduce  the  heat  transfer  coefficient  to  a 
point  at  which  it  was  no  lunger  troublesome  by  filling 
the  calorimeter  with  He  rather  than  air. 

The  first  two  columns  of  numbers,  the  bulk  and  sur- 
face absorption  coefficients,  also  show  considerable 
variation  and  should  therefore  be  considered  tentative. 
It  is  not  easy  to  quote  limits  on  the  errors  in  these 
quantities  with  confidence.  The  dependence  of  the 
calculated  results  on  the  heat  transfer  coefficient  is 
complicated  (as  explained  in  the  Appendix)  although 
fortunately  not  strong;  that  on  the  absorption  coeffi- 
cients is  simpler,  viz.,  multiplicative,  as  seen  from  Eq. 
(6).  Thus,  a 10%  deviation  from  the  experimental 
curves,  as  in  Fig.  2,  should  translate  directly  into  a 10% 
uncertainty  in  0,  S,  or  both.  Yet  things  are  not  that 
simple;  often,  an  excellent  fit  can  be  obtained  from  one 
set  of  parameters  for  one  time  interval  (e.g.,  for  the  first 
30  sec  after  laser  cuton),  but  a different  set  of  /},  S,  h is 
needed  for  a fit  at  other  times  (e.g.,  after  cutofO.  Fur- 
thermore, in  the  absence  of  measurements  at  different 
points,  the  possibility  that  even  a good  fit  for  all  times 
may  be  fortuitous  cannot  be  excluded.  Accordingly,  we 
would  be  reluctant  to  claim  precision  better  than  within 
20%. 

Nonetheless,  certain  physically  realistic  conclusions 
can  be  drawn.  The  major  one  is  the  dominance,  at  all 
three  frequencies,  of  surface  effects.  In  every  case,  the 
total  surface  absorption  is  considerably  larger  than  the 
bulk  absorption  of  several  centimeters  of  crystal.  One 


point  that  does  nut  appear  clearly  from  Table  I,  but 
must  he  made  plain  here,  is  the  dependence  of  our  re- 
sults not  only  on  the  substance  used,  but  on  the  par- 
ticular crystal;  variations,  not  shown  in  Table  I,  were 
obtained  for  crystals  of  nominally  the  same  composition, 
but  different  preparation  and  surface  treatment.  The 
fact  that  in  each  case  the  surface  absorption  is  equiva- 
lent to  many  cm  of  bulk  absorption  indicates  that  the 
over-all  success  of  growing  pure  cyrstals  in  bulk  has  been 
considerable,  and  that  improving  the  surface  quality  of 
crystals  is  now  the  most  important  task  before  us  toward 
the  goal  of  producing  substances  whose  over-all  ab- 
sorption will  be  minimal.'^ 

We  thank  P.  H.  Klein  (NRL)  for  providing  us  with 
most  of  the  samples  measured,  M.  Hass  (NRL)  for  many 
discussions,  and  J.  M.  Rowe  (University  of  Alabama) 
for  his  data  at  10.6  nm. 

This  work  was  sponsored  by  the  Defense  Advanced 
Research  Projects  Agency  and  the  Office  of  Naval  Re- 
search. 

Appendix:  Particular  Solution  to  the  Heat  Equation 

In  Sec.  II,  the  appropriate  heat  flow  problem  was 
formulated  and  the  solution  given  schematically.  Here 
we  summarize  the  details. 

The  solution  is 

nx.y.2.i)  = (p/k)  zLi: 

mn  p < 

- (P,3  + PtS)uUn.L,l2)uUp.L,l2) 

* ^mnp(t  )• 

Here  P is  the  power  density  of  the  laser  beam, 

H - h/k, 

, ...  |l 0<r<ri 

r<*wij»(0  “ I . *1  , .1 

\e%p  (-tt>mnpO|e*p  ifaym^tptt  - 1]  I > /| 

Pi  “ (H/fnXl  - ctmL.tm)  + 

Pi  “ <«i(l  + eotL.tm)  + H 

tmnp  “ + ««*  + «p*, 

and  Lx  is  the  length  of  the  sample. 

The  <m  are  the  positive  solutions  of 

UmL.  • 2H./(i*  - H*). 

and  the  u(€n,x)  and  Z„  are  given  by 

u(<i.z)  « co»<mX  + H lininZ 
Z»*-2/l2H + !..(.,» + «»)). 

To  obtain  the «,  u,  and  Z with  subscripts  n (or  p)  instead 
of  m,  replace  x by  y (or  z)  in  the  above  expressions. 

The  position  (x,y,z)  enters  the  expression  for  the 
temperature  T(x,y,2,t)  through  the  functions  u;  time 
(,  through  /Kt);  and  the  parameters  describing  the 
sample  size  (LxX-y.L,),  conductivity  k,  heat  transfer 
coefficient  h through  the  eigenvalues.  The  reader 
should  consult  Ref.  5 for  solutions  applicable  to  other 
situations  (to  sources  other  than  the  go  of  Eq.  (5)  and  to 
cylindrical  geometries]  and  Ref.  1 for  a more  general 
theory  of  the  heat  equation. 
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Infrared  absorption  limits  of  HF  and  DF  iaser  windows* 

M.  Hass 

Satal  Research  Laboratory,  Washington,  D.C.  20375 

J.  A.  Harrington  and  D.  A.  Gregory 

University  of  Alabama  in  Huntsville,  Huntsville,  Alabama  35807 

J.  W.  Davisson 
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(Received  13  February  1976) 

Tbe  infrared  absorption  coeflicients  of  NaCI,  KCI,  NaF,  CaF,  and  BaF]  have  been  determined  by 
calorimetric  techniques  at  the  laser  wavelengths  1 .06,  2.7,  and  3.8  fim.  The  absorption  level  of  the  best 
crystals  can  be  10  ’ cm  ’ or  lower  at  1.06  ftm,  but  no  crystal  with  a coeflicient  lower  than  I0~’  cm*'  at  2.7 
and  3.8  um  has  been  found.  Possible  reasons  for  these  results  are  discussed. 


PACS  numbers:  7K.50.F,c,  42.70.Fh.  42.KO.Em.  78.20.Dj 

Windows  for  infrared  lasers  can  undergo  optical  dis- 
tortion or  fracture  .at  high  cw  |K>wer  levels  due  to  their 
finite  absorption  coefficient. The  absorption  coeffi- 
cients of  various  candidate  laser  window  crystals  are 
reported  here  at  the  11 F chemical  laser  wavelength  of 
2.7  pm,  the  DF  chemical  laser  wavelength  of  3.8  pm, 
and  at  the  Nd:VAG  laser  wavelength  of  1.06  pm.  An 
examination  of  this  and  other  data  suggests  the  presence 
of  excess  absorption  at  the  HF  and  OF  laser  wavelengths 
relative  to  that  at  both  higher  and  lower  wavelengths. 

The  determination  of  the  absorption  coefficients  of 
highly  transmitting  materials  can  be  a difficult  experi- 
mental problem  due  to  the  low  magnitude  of  absorption 
coefficient  and  possible  Interference  from  surface  ef- 
fects and  scattering.  The  must  widely  used  method 
involves  the  measurement  of  the  temperature  as  a func- 
tion of  time  of  a sample  which  is  irradiated  by  an  in- 
tense laser  source  (often  referred  to  as  the  thermal 
rise  or  laser  calorimetric  method).’  By  use  of  axial 
irradiation  with  a long-rod  geometry,  it  becomes  pos- 
sible to  separate  out  surface  and  bulk  absorption.’  The 
first  measurements  employing  this  approach  for  study- 
ing a number  of  pure  samples  over  a wide  wavelength 
range  are  reported  here. 

The  origin  of  the  residual  Infrared  absorption  in  high- 
ly transmitting  crystals  can  be  associated  with  several 
different  mechanisms.  On  the  high-frequency  side  of 
the  reststrahlen  band.  Intrinsic  multiphonon  absorption 
associated  with  mechanical  or  electric  anharmonlcity 
can  occur. ’■*  This  has  been  observed  to  have  a charac- 


teristic decreasing  exponential  dependence  as  a function 
of  frequency  in  a large  number  of  crystals.’  Departures 
from  this  cxiK>ncntlal  dependence  are  generally  asso- 
ciated with  impurities,  surface  effects,  and  difficulties 
of  measurement.  The  present  investigation  focuses  on 
this  region  where  the  intrinsic  absorption  is  below  the 
limit  of  observation  at  the  present  time. 

In  the  measurements  reported  here  at  1.06  pm,  ab- 
sorption coefficients  in  the  10"’-cm*‘  region,  and  occa- 
sionally lower,  have  been  obtained  in  some  crystals. 

In  addition,  inspection  of  the  thermal  rise  curves  indi- 
cates that  little  or  no  surface  absorption  is  present. 
Since  interference  effects  from  scattering  might  be  ex- 
pected to  be  strongest  at  the  shortest  wavelength,  it  is 
believed  that  these  1.06-pm  measurements  provide  an 
indication  of  the  lower  limit  of  the  coefficient  In  a par- 
ticular sample. 

The  experimental  results  for  a number  of  samples 
are  summarized  in  Table  I along  with  data  at  5.3  pm 
on  similar  samples  reported  elsewhere.'  Many  other 
samples  of  these  and  other  crystals  showing  higher 
absorption  coefficients  were  also  studied,  but  will  be 
presented  elsewhere.'  The  data  for  crystals  of  KCI  and 
BaF2,  which  have  the  lowest  loss  at  5.3  pm,  are  shown 
In  Fig.  1.  It  can  be  seen  both  from  Table  I and  Fig.  1 
that  the  absorption  at  both  1.06  and  5.3  pm  can  be  at 
the  10*' -cm"'  level.  On  the  other  hand,  no  crystal  with  a 
coefficient  lower  than  10"’  cm*'  at  2.7  and  3.8  pm  has 
ever  been  observed.  Here  a number  of  good  crystals  of 
KCI  and  KBr  were  studied.  They  are  amon^the  lowest 


TABI.E  I.  AhHorptlon  coefficients  of  crystals  at  various  laser  wavelengths. 


Crystal 

Source 

1 . OC  pm  • 

Absorption  coefficient  (cm"’) 
2.7pm'  3.8pm' 

5,3  pm  ‘ 

KCI. 

KCI 

NR  I. 

7xl0-‘ 

3.7xl0-‘ 

2.1  xlO-' 

1.5x10-* 

KRr 

NR  I.  D-:i0.ri 

< .1  xlO-‘ 

1.2  xIO-’ 

2.2x10-’ 

CaF, 

Hughes 

(polycrystal 

forging) 

4 XI0-’ 

1.8x10-’ 

2.7x10-’ 

RaF} 

llarshaw 

3x10-* 

5.2  xio-f 

4.4  X10-’ 

<3x10-* 

'Measured  at  NR 1.  on  rods  using  a Nd  : YAC  laser. 

'Measured  at  University  of  Alabama -Huntsville  on  rods  using 


a multiline  gas  laser. 

‘Measured  at  Raytheon  and  reported  In  Ref.  8. 
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ever  reported  at  the  COj  laser  wavelength  of  10.6  pm. 
While  the  crystals  studied  at  5.3  pm  were  not  the  same 
as  those  employed  in  this  investigation,  the  measure- 
ments reported  at  that  wavelength  arc  sufficiently  low 
BO  that  the  trend  shown  In  Fig.  1 can  be  established  with 
some  degree  of  confidence  and  could  hold  for  the  other 
good  crystals  as  well. 

Thus,  the  data  Imply  excess  absorption  at  2.7  and 
3.8  pm  In  the  better  crystals  compared  to  the  absorp- 
tion at  both  higher  and  lower  wavelengths.  Furthermore, 
this  appears  to  hold  so  far  for  a number  of  alkali  halide 
and  alkaline  earth  fluoride  crystals  which  are  the  most 
transparent  of  the  candidate  laser  window  materials. 

The  origin  of  this  absorption  has  not  yet  been  estab- 
lished, but  a number  of  possibilities  such  as  the  follow- 
ing can  be  suggested. 

In  the  Infrared  region  of  the  spectrum,  molecular 
Impurity  complexes  are  Che  most  common  source  of 
excess  bulk  absorption  away  from  the  region  where  in- 
trinsic effects  predominate.  In  particular,  the  stretch- 
ing mode  of  the  OH  Ion  gives  rise  to  a characteristic 
absorption  band  near  2.7  pm  in  alkali  halide  crystals.'" 
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While  the  OH  concentration  as  evidenced  by  the  ultra- 
violet absorption  at  0. 2 pm  is  small"  or  undetectable 
in  the  best  crystals,  contributions  from  this  origin  can- 
not be  completely  excluded.  Similarly,  the  3.8-pm 
region,  the  wings  of  the  3.5-pm  band  associated  with 
the  stretching  modes  of  CH  impurities,  might  be  re- 
sponsible. While  such  impurities  can  be  readily  ob- 
served on  the  surface  of  crystals  arising  from  polishing 
vehicles  (and  can  be  removed  by  proper  cleaning  pro- 
cedures),' it  is  possible  that  there  may  be  bulk  contri- 
butions as  well.  This  would  be  possible  to  check  if  a 
sensitive  broad -band  technique  such  as  spectral  emit- 
tance  were  available.  While  the  sensitivity  of  such 
techniques  is  adequate,  interference  from  surfaces  and 
scattering  still  presents  problems  at  low  absorption 
levels. 

In  conclusion,  the  results  presented  here  suggest  that 
absorption  in  the  best  presently  available  window  mate- 
rials at  the  important  chemical  laser  wavelengths  of  2.7 
and  3.8  pm  is  limited  to  10"'  cm*',  and  this  may  be 
associated  with  OH  and  CH  impurities.  If  the  impurity 
bands  were  eliminated,  absorption  levels  in  the  lO"'- 
cm*'  region  should  be  attainable  with  crystals  of  pres- 
ent optical  quality. 

The  authors  are  grateful  to  P.H.  Klein  for  supplying 
some  of  the  crystals  used  in  this  investigation. 
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Extrinsic  absorption  in  KCi  and  KBr  at  CO2  iaser 
frequencies* 

J.  M.  Rowe  and  J.  A.  Harrington 

Tht  Uiiittnitj/  of  Alabama  In  HuHUvUle,  Hununlle,  Alabama  35807 
(Received  2 February  1976;  in  final  form  19  July  1976) 

Exirinaic  abaorplion  hat  been  tiudied  in  KQ  and  KBr  using  the  technique  of  tunable  CX),  later 
caloninctry.  The  transparency  of  these  hosts  it  limited  by  an  extrinsic  absorption  mechanism  common  to 
both  KCI  and  KBr.  In  particular,  sn  extrinsic  absorption  band  near  9.6  )tm  in  both  materials  has  been 
studied  in  detail.  The  features  of  this  band  are  compared  to  a recent  theory  on  impurity  induced  absorption 
at  COj  wavelengtht.  A bulk  absorption  in  KBr  of  IXlO’’  cm  ' at  10.6  fsm  was  measured  for  the  best 
sample — the  lowest  value  observed  to  date  for  any  material  at  this  frequency. 

PACS  numbers:  7g.S0.Ec,  63.20. -e,  7g.30.Ot 


The  alkali  halides  have  been  widely  studied  for  their 
potential  as  windows  on  high-powered  CO2  lasers.  The 
transparency,  however,  of  two  very  promising  materi- 
als, KCI  and  KBr,  is  limited  by  extrinsic  (surface,  im- 
purity, mechanical  defect,  etc. ) absorption  at  the  CO; 
frequencies.  For  KCI,  which  has  been  more  thoroughly 
studied  at  these  wavelengths,  the  measured  total  ab- 
sorption coefficient  0 is  two  or  three  times  greater  than 
the  intrinsic  (multiphonon)  absorption  of  8x10*^  cm'*  at 
10.6  pm  ' while  at  shorter  wavelengths  the  discrepancy 
between  measured  and  intrinsic  absorption  is  even 
greater.^  The  situation  lor  KBr  is  even  more  extreme 
due  to  the  very  small  Intrinsic  absorption  (2X10'’  cm'* 
at  10.6  pm)  at  CO2  wavelengths.  * In  order  to  improve 
our  understanding  of  the  extrinsic  absorption  mecha- 
nisms, the  absorption  has  been  measured  in  KCI  and 


FIG.  1.  Total  absorption  In  KBr  and  KCI  at  300  K,  Experi- 
msntal  points  for  an  older  KCI  sample  (a)  and  reoant  RAP- 
grown  KCI  (o)  and  KBr  (s)  are  shown.  Ths  solid  ourvs  la  the 
absorption  caloulatsd  by  Duthlsr  Otsf.  3)  for  KCI  (curve  A) 
and  KBr  (ounre  B)  with  0, 03  ppm  saoh  of  SOf  t llg^,  NO;, 
and  HCO;.  Numbered  points  indioate  ths  results  of  mors  than 
one  msaauramant. 


KBr  using  the  technique  of  tunable  CO;  laser  calorim- 
etry, These  measurements  have  enabled  us  to  (i)  obtain 
more  information  on  an  extrinsic  absorption  band  that  is 
observed  in  KCI  near  9.6  pm,*’’  (ii)  make  the  first  ob- 
servation (calorimetrically)  of  a comparable  extrinsic 
band  in  KBr,  and  (iii)  compare  this  extrinsic  peak  in 
both  hosts  to  recent  theoretical  work  on  impurity- in- 
duced absorption  in  alkali  halides  at  CO2  wavelengths. 

In  addition,  for  KBr,  tunable  calorimetry  performed  on 
long  bar- shaped  samples  has  resulted  in  the  extraction 
of  bulk  absorption  coefficients  near  ixio'®  cm'* — the 
lowest  value  of  0 obtained  to  date  at  10. 6 pm  in  any 
material. 

The  samples  were  grown  using  the  reactive  atmo- 
sphere process  (RAP)’  and  represent  some  of  the  high- 
est-purity  crystals  available.  To  minimize  surface  ab- 
sorption, chemical  etching  techniques*  were  applied  to 
KCI  and  a light  polish  on  a chamois  with  isopropanol  was 
used  for  KBr.  Conventional  laser  calorimetric  methods 
were  used  to  measure  the  small  absorption  coeffi- 
cients. ’ 0 was  obtained  as  a function  of  frequency  using 
a CO|  laser  tunable  from  9. 55  to  10. 76  p with  single 
line  powers  from  1 to  9 W. 

Figure  1 shows  the  total  absorption  coefficient  in  KCI 
and  KBr  as  a function  of  wavelength  at  300  K.  Experi- 
mental points  for  two  samples  of  KCI  and  one  of  KBr 
are  compared  with  a recent  theoretical  calculation  due 
to  Duthler,  ’ which  is  shown  as  a solid  line.  The  experi- 
mental data  were  taken  on  several  different  samples  of 
KCI.  The  higher  absorbing  sample  (a)  was  grown  sever- 
al years  ago  by  early  RAP  techniques  and  reflects  the 
greater  strength  of  the  impurity  band  present  in  these 
materials  near  9. 6 pm.  More  recent  RAP-grown  KCI 
(•)  and  KBr  (a)  produced  by  P.  Klein  of  the  Naval  Re- 
search Laboratory  clearly  shows  the  decrease  in  the 
9.6-pm  absorption  band  as  well  as  a decrease  in  the 
over-all  absorption  at  10.6  pm.  The  theory  curve  repre- 
sents total  absorption  for  the  host  material  plus  0. 03 
ppm  each  of  SOr : Mg**,  N(^,  and  HCCH>  At  9. 3 and 
10.3  pm,  the  SO]" : Mg**  and  HCC^  ions,  respectively, 
produce  sharp  absorption  peaks  in  the  extrinsically 
limited  wings  of  the  multij^onon  tail.  From  a compari- 
son of  the  theory  and  experimental  data,  it  is  evident 
that  the  10.3  pm  absorbing  Impurities  considered  by 
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WAVELENGTH  (/tM)  FIG.  3.  Absorption  for  two  samples  of  KBr  at  300  K and  ‘ 

several  wavelengths.  Both  the  total  (•)  and  bulk-only  (O) 

FIG.  2.  Total  absorption  In  KCl  as  a function  of  wavelength  absorption  are  shown  for  one  sample.  The  bulk  only  absorp- 

at  100  K (•),  200  K Mt  and  300  K (A).  Error  bars  at  the  tion  for  a better  sample  (A)  Is  also  shown.  Numbered  points  ‘ 

bottom  of  the  figure  represent  one  standard  deviation,  and  indicate  the  result  of  more  than  one  measurement. 

opply  to  all  measurements  at  a given  wavelength.  j 


} Duthler  are  Insufficient  by  themselves  to  account  for  the 
observed  extrinsic  band  near  9.6  iim. 

Others  have  discussed  the  Impurity  absorption  In  this 
i region  for  KCl,’***'  but  the  corresponding  band  In  KBr 

has  not  been  observed  before  by  tunable  laser  calorim- 
etry in  high-quality  samples.  Stierwalt  and  Hass*  sug- 

Igest  this  extrinsic  absorption  Is  a surface  effect  while 
Llpson  et  al.  Indicate  that  ClOj , an  ion  not  considered 
by  Duthler,  absorbs  strongly  In  the  10.6-pm  region. 

I An  Independent  analysis  of  the  Impurity  content  of  the 

sample  was  not  practical  and,  thus,  correlation  between 
specific  Impurities  present  in  our  samples  and  the  9.6 
fiitt  absorption  in  KCl  or  KBr  was  impossible.  We  can 

I conclude,  however,  that  the  extrinsic  band  most  likely 

arises  from  the  same  source  In  both  KCl  and  KBr  since 
the  band  appears  near  9.6  pm  In  each  host  but  the 
source  Is  not  one  or  a combination  of  the  Ions  con- 

Isldered  by  Duthler  In  this  theory.  Possibly  the  Inclusion 
of  add  tional  impurities  such  as  CIO3  in  the  theory  would 
produce  absorption  peaks  nearer  the  observed  band. 
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The  behavior  of  the  absorption  near  9. 6 pm  has  also 
been  measured  In  KCl  as  a function  of  temperature, 
using  a liquid- nitrogen  cryostat  constructed  for  this 
purpose.  The  results  are  shown  In  Fig.  2.  The  data 
Indicate  that  the  peak  absorption  Is  essentially  Indepen- 
dent of  temperature.  This  agrees  with  the  observations 
made  by  Deutsch’  from  300  to  80  K. 

The  extrinsic  absorption  may  take  place  in  the  bulk 
of  the  sample  or  on  the  surface.  Additional  Information 
about  the  extrinsic  absorption  In  KBr  was  obtained  by 
separating  the  bulk  absorption  component  from  total 
absorption.  This  was  accomplished  using  the  method 
due  to  Hass  ef  of . , ' in  which  a long  bar-shaped  sample 
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is  used.  Measurement  of  the  small  temperature  rise, 
which  results  from  passing  the  laser  beam  through  the 
length  of  the  sample,  is  made  at  ihe  middle  of  the  rod. 
Heat  generated  at  the  end  surfaces  of  the  rod,  where 
the  beam  enters  and  exits,  takes  longer  to  reach  the 
middle  than  bulk  heating  from  the  filament  of  laser 
light  down  the  axis  of  the  rod.  Therefore,  initial  heat- 
ing Is  an  Indication  of  bulk  absorption.  The  results  from 
two  different  samples  of  KBr  at  300  K and  for  several 
wavelengths  are  shown  in  Fig.  3.  Near  9.6  pm,  one 
sample  exhibits  increased  absorption  for  the  bulk  (O) 
and  a larger  increase  for  total  absorption  (•).  A better 
sample  also  shows  some  rise  in  bulk  absorption  (A)  at 

9.6  pm,  although  the  data  are  more  scattered.  In  this 
sample,  the  bulk  absorption  is  1 x 10**  ± 50%  cm*'  at 

10.6  pm.  This  represents  the  lowest  absorption  mea- 
sured to  date  at  this  wavelength. 

An  Important  conclusion  can  be  drawn  from  this  data. 
In  both  KBr  samples  the  extrinsic  absorption  band  near 

9. 6 pm  Is  present  in  the  bulk  absorption  only.  This 
means  that  this  extrinsic  band  In  KBr  is  not  due  entirely 
to  surface  absorption,  but  is  in  fact  due  to  a source 
present  in  the  bulk,  as  well  as  on  the  surface  of  the 
sample. 

The  data  presented  indicate  the  high  degree  of  trans- 
parency in  state-of-the-art  KCl  and  KBr  window  ma- 
terials. Nevertheless,  an  extrinsic  absorption  band  ap- 
pears near  9.6  pm  that  limits  the  absorption  at  10.6 
pm.  We  have  shown  that,  although  no  assignment  of 
this  absorption  to  a specific  impurity  can  be  made  from 
our  data,  the  extrinsic  absorption  is  present  in  both 
surface  and  bulk  absorption  and  that  the  common  ex- 
trinsic band  In  KCl  and  KBr  Is  not  due  to  any  impurity 
discussed  by  Duthler. 
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I 

I 


I 

I 

j 


*Thls  research  was  supported  by  the  Advanced  Research  Pro- 
jects Agency  of  the  Department  of  Defense  and  by  the  Office 
of  Naval  Research,  Metallurgy  Division. 

'T.F.  Deutsch,  J.  Phys.  Chem. Solids  34,  2091  (1973). 
‘M.Hass,  J.W.  Davisson,  P.H.  Klein,  and  L.L.  Boyer,  J. 
Appl.  Phys.  46,  3959(1974). 

’T.F.  Deutsch,  Appl,  Phys.  Lett.  28,  109  (1974);  H.G. 
LIpson,  J.  J.  Larkin,  and  B.  Bendow,  J.  Electron.  Mater. 

4,  51  (1975);  P.J.  Shlichta,  R.  E.  Chaney,  and  J.  Yee,  In 
Fourth  Annual  Conference  on  Laser  Window  Materials, 
Tucson,  Arizona,  1974  (unpublished). 

*J.W.  Davisson,  J.  Mater.  Scl.  6,  1701  (1974). 


’C.J.  Duthler,  J.  Appl.  Phys.  46,  266B  (1974);  C.  J.  Duthler, 
in  Fourth  Annual  Conference  on  Laser  Window  Materials, 
Tucson,  Arizona,  1974  (unpublished). 

‘D.  L.  Stierwalt  and  M.  Hass,  in  Fourth  Annual  Conference  on 
Laser  Window  Materials,  Tucson,  Arizona,  1974 
(unpublished). 

’M.  Hass,  J.W.  Davisson,  H.B.  Rosenstock,  J. A.  Slinkman, 
and  J,  Babiskin,  In  Optical  Properties  of  Highly  Trans- 
parent Solids,  edited  by  S. S.  Mltra  and  B.  Bendow  (Plenum, 
New  York,  1975),  p,  435;  M.  Hass,  J.W.  Davisson,  H.B. 
Rosenstock,  and  J.  Babiskin,  Appl.  Opt.  14,  1128  (1975). 


4M8 


J.  Appl.  Fhyt.,  Vel.  47,  No.  11,  November  1976 


J.M.  Rowe  ertd  J.A.  Herrington 


4928 


INFRARED  ABSORPTION  IN  ThOg-DOPED  YgOg 
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The  optical  absorption  has  been  measured  over  the 

2-4  pm  region  in  dense,  polycrystalline  YgO^  containing 

10  mole  % ThOg  in  solid  solution.  Measurements  of  the 

absorption  coefficient  (8)  in  ThOg-doped  YgOg  indicated 

-5  -1 

an  intrinsic  (multiphonon)  level  of  2.6  x 10  cm  at 

DF(3.8  pm)  wavelengths  although  calorimetrically  obtained 

-3  -1 

6’s  were  in  the  low  10  cm  region  for  the  best  ma- 
terials. This  difference  is  attributed  to  extrinsic 
absorption  mechanisms  and,  in  particular,  to  an  impurity 
band  of  as  yet  undetermined  origin  lying  directly  between 
the  DF  and  HF  frequencies.  Various  ceramic  processing 
techniques  were  applied  to  sintered  ThOg-doped  YgOg 
ceramic  to  reduce  this  absorption  with  the  most  success- 
ful being  a high  temperature  anneal  in  a higher  partial 
pressure  of  oxygen. 
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I INFRARED  ABSORPTION  IN  ThOg-DOPED  YgOg 

I I.  INTRODUCTION 

. During  the  past  several  years  there  has  been  increas- 

* ing  interest  in  the  optical  properties  of  highly  trans- 

I parent  materials  at  infrared  laser  wavelengths.  This 

interest  in  low  loss  materials  has  been  stimulated  in  part 
I by  the  need  for  solid  windows  and  other  transparent 

optical  components  on  high-powered  infrared  lasers.  At 
' the  DF  (3.8  pm)  and  HF  (2.7  pm)  chemical  laser  wavelengths 

! a wide  range  of  materials  present  themselves  for  consider- 

ation as  potential  laser  windows.^  In  particular,  oxides 
show  great  promise  owing  to  their  favorable  mechanical 
properties  although  their  optical  absorption  is  generally 
not  as  low  as  that  for  the  alkali  halides  and  alkaline 
earth  fluorides.^  In  an  effort  to  explore  the  potential 

of  new  materials  for  laser  windows,  a study  has  been  made 

2 

of  the  infrared  absorption  in  ThOg-doped,  YgOg. 

i Sintered  YgOg  containing  10  mole  % ThOg  in  solid 

3 

solution  is  a cubic,  polycrystalline  ceramic  character- 
I ized  by  relatively  high  strength,  resistance  to  environ- 

mental attack,  and  good  infrared  transparency.  In  investi- 
I gat ions  to  date,  however,  these  properties  have  not  been 

exploited  for  applications  as  infrared  laser  windows;  in- 
^ stead  most  interest  has  centered  on  the  laser  action  in 

1 2 
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Nd  -doped  material.  ’ One  reason  for  this  is  that  the 
residual  absorption  in  oxide  materials  transparent  at  DF 
and  HF  wavelengths  is  often  an  order  of  magnitude  or  more 
greater  than  the  residual  absorption  in  alkali  halides  or 
alkaline  earth  fluorides  at  the  same  wavelengths.^  Initi- 
ally, therefore,  these  materials  were  neglected  in  favor 
of  the  simpler  and  better  characterized  halide  and  fluo- 
ride crystals  and  only  more  recently  have  oxides  received 
much  attention. 

The  higher  absorption  of  oxides  in  the  transparent 
regime  results  from  two  different  sources.  Intrinsic 
absorption  arising  from  multiphonon  processes  ultimately 
limits  the  absorption  in  any  perfect  crystal.  For  the 
oxides  this  level  of  absorption  can  be  appreciable  in  the 
2 to  4 pm  region  because  of  the  high  energies  of  the  vi- 
brational modes  in  these  compounds.  For  example,  AlgOg 
has  an  intrinsic  absorptiofi  of  1 x 10  cm  at  3.8  pm-*- 
and  thus  sapphire  has  exhibited  only  limited  usefulness 
as  a DF  laser  window.  MgO  and  ThOg-doped  YgOg  , however, 
have  considerably  lower  intrinsic  absorption  levels  and 
thus  show  greater  promise  as  low  loss  materials.  The 
other  source  of  absorption  is  that  due  to  extrinsic  ab- 
sorption mechanisms.  These  can  be  chemical  impurities, 
mechanical  imperfections,  or  surfaces  - all  of  which  can 
make  a substantial  contribution  to  the  total  absorption. 

In  the  oxides,  a particularly  troublesome  source  is  the 
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OH  impurity  which  gives  rise  to  extrinsic  absorption 
bands  near  2.7  pm.  These  bands,  which  have  been  observed 
in  ThOg-doped  '^2^3  MgO,^  increase  the  total  absorption 
well  above  the  intrinsic  value  and  thus  an  understanding 
of  the  source  of  this  contaminant  and  techniques  to  elimi- 
nate it  from  the  host  are  Important  for  improved  optical 
quality. 

In  order  to  reduce  the  level  of  the  extrinsic  absorp- 
tion in  ThO^-doped  Y2O2,  several  different  physical  treat- 
ments of  the  material  were  utilized.  These  were,  in  turn, 
correlated  at  various  stages  with  the  optical  absorption 
which  thus  enabled  us  to  determine  the  effect  of  processing 
and  retreatment  of  the  sintered  material  on  the  infrared 
absorption  coefficient.  In  this  manner  a retreatment 
process  was  developed  which  reduced  the  absorption  in  un- 
treated material  by  as  much  as  a factor  of  6 at  DF  wave- 
lengths. Even  with  this  reduction,  however,  the  total 

-3  -1 

absorption,  which  has  been  reduced  to  about  2 x 10  cm 
at  3.8  pm,  is  still  above  the  intrinsic  value. 

II.  EXPERIMENTAL  PROCEDURES 

A.  Material's  preparation 

A composition  of  YgOg  + 10%  ThOg  was  prepared  by  an 

3 

oxalate  precipitation  approach  described  elsewhere. 

After  calcination  at  800°C,  the  resulting  oxide  powder 
was  sometimes  ball-milled  to  reduce  aggregate  and  particle 
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size  and  improve  chemical  homogeneity.  At  other  times  this 
step  was  omitted  from  the  overall  ceramic  processing.  The 
ball-milled  powders  yielded  sintered  specimens  that  were 
optically  water  clear,  whereas  samples  prepared  from  unmilled, 
calcined  powder  exhibited  veiling.  Samples  produced  from 
both  unmilled  and  ball-milled  powder  were  studied  optically 
in  an  effort  to  correlate  any  differences  observed  in  the 
absorption  with  this  stop  in  the  processing.  The  remaining 
ceramic  powder  processing,  forming,  and  heat  treatment 
procedures  are  those  described  in  connection  with  the 
fabrication  of  ThOg-doped  ceramics  containing  neo- 

3 

dymium  for  lasing  behavior.  All  samples  were  sintered 
in  dry  Hg  (dew  point  *<  -70°C)  at  2170°C  followed  by  cooling 
in  the  presence  of  wet  Hg  (dew  point  « 25°C).  If  equili- 
bration of  the  sintered  samples  with  the  oxygen  in  wet  Hg 
ceases  at  ~ 1600°C,  then  it  is  estimated  that  the  effective 
oxygen  partial  pressure  "seen"  by  the  samples  is  about 
10  atm. 

B.  Optical  absorption  measurements 

The  samples  measured  ranged  in  size  from  approximately 
1 X 0.5  X 0.3  cm  to  large  discs  5 cm  in  diameter  by  0.5  cm 
thick.  The  surfaces  were  polished  using  diamond  grit  and 
just  prior  to  measurement  the  samples  were  carefully 
cleaned  in  spectrograde  CCl^  to  reduce  surface  absorption. 
Scattering  in  heavily  veiled  samples  presented  some  problem 
although  this  could  be  reduced  somewhat  by  careful  align- 
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ment  of  the  optical  beam  through  the  center  of  the  crystal 
where  veiling  was  often  less  prevalent. 

The  infrared  absorption  at  room  temperature  was 
measured  using  a Beckman  IR-12  spectrophotometer.  The 
spectra  recorded  were  useful  in  determining  the  charac- 
teristic multiphonon  edge  of  ThOg-doped  ^^2^3  well  as 
for  obtaining  information  about  the  extrinsic  absorption 

whenever  the  strength  of  this  absorption  was  greater  than 
-2  -1 

approximately  10  cm  . In  general,  conventional  infrared 

spectroscopy  was  useful  for  measuring  absorption  coefficient 
-2  -1 

g down  to  the  10  cm  range  but  below  this  other  methods 

had  to  be  employed  to  measure  the  very  low  absorptions 

common  to  high  quality,  low  loss  laser  window  materials. 

In  order  to  measure  the  small  absorption  at  DF  and 

HF  chemical  laser  frequencies,  standard  laser  calorimetric 

0 

methods  were  employed.  The  experimental  arrangement 
consisted  of  a vacuum  or  air  calorimeter  and  a small  cw 
DF-HF  chemical  laser  constructed  by  one  of  us  (JAH).  The 
laser  delivers  5 to  10  watts  of  multiline  cw  HF  and  DF 
power  which  is  quite  adequate  for  obtaining  reliable 
temperature- time  data. 

0 

A three-slope  method  is  applied  to  the  data  for  the 
calculation  of  g.  The  absorption  coefficient  calculated 
in  this  conventional  manner  is  the  total  absorption  coef- 
ficient representing  the  sum  of  the  bulk  and  surface  con- 
tributions. Although  it  is  possible  to  abstract  only  the 
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bulk  contribution,  ’ this  was  found  unnecessary  in  this 

study.  The  reas'"’  for  this  is  that  the  fractional  power 

-4 

absorbed  at  the  surfaces  is  generally  about  10  /surface 

—3  —1 

which  is  much  smaller  than  the  10  cm  total  absorption 
coefficients  measured  for  the  best  ThOg-doped  YgOg.  The 
surface  contribution  in  Th02-doped  ^20^  is  therefore 
negligible,  and  thus  the  measured  total  3 is  adequate  for 
the  discussions  of  extrinsic  and  intrinsic  absorption 
mechanisms, 

III.  RESULTS  AND  DISCUSSION 

The  infrared  absorption  of  thin  plates  of  Th02-doped 

3 

Y2O3  was  measured  routinely  by  Greskovich  and  Woods  and 

then  later  studied  in  greater  detail  by  Harrington,  et  al.^ 

Since  these  studies,  additional  samples  have  been  measured 

to  provide  further  information  about  the  nature  of  the 

extrinsic  absorption  in  this  material.  Figure  1 gives  the 

absorption  coefficient  3 as  a function  of  wavenumber  at 

room  temperature  for  a 2"  diameter  by  0.5  cm  thick  disk 

of  YgOg  containing  10  mole  % ThOg  in  solid  solution.  This 

particular  sample  had  unusually  good  optical  quality  as 

it  was  prepared  from  ball-milled  powder.  From  this  data, 

the  Intrinsic  absorption  can  be  estimated  at  the  chemical 

g 

laser  wavelengths.  Deutsch  has  shown  experimentally  and 
others  have  confirmed  theoretically,^®  that  log  3 is 
proportional  to  energy  for  energies  two  to  six  times 

7 


greater  than  the  reststrahl  energy.  The  straight  solid 
line  in  Fig.  1 is  the  experimental  data  confirming  this 
dependence  for  ThOg-doped  YgOg  ceramic  just  as  has  been 

9 

done  by  Deutsch  for  many  other  solids.  The  dashed 
extension  of  this  line  is  an  extrapolation  which  can  be 
extended  to  the  DF  (~2630  cm~^)  and  HF  (~3570  cm~^)  wave- 
lengths in  order  to  obtain  the  intrinsic  (multiphonon) 
absorption  coefficient.  The  extrapolated  multiphonon 
edge  yields, 

Bint  = 2.6  X 10"®  cm"^ 

Bint  (HF)  » 4.6  X 10"®  cm"^. 

These  absorption  coefficients  thus  represent  the  approxi- 
mate limiting  value  for  ThOg-doped  YgOg  at  chemical  laser 
wavelengths.  Additional  log  B versus  energy  curves  made 
for  different  ThOg-doped  YgOg  samples  prepared  from  both 
unmilled  and  ball-milled  powder  have  yielded  similar 
results  for  the  extrapolated  intrinsic  values. 

The  calorlmetrically  measured  absorption  coefficients 
at  DF  and  HF  wavelengths,  however,  are  several  orders  of 
magnitude  greater  than  these  intrinsic  values.  As  explained 
in  the  Introduction  this  is  due  to  extrinsic  absorption 
present  in  the  samples.  In  ThOg-doped  YgOg  solid  solution, 
one  source  of  this  extrinsic  absorption  is  clearly  shown 
in  Fig.  1 as  a band  lying  between  the  DF  and  HF  laser 
frequencies.  This  absorption  band  is  the  major  contri- 
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bution  to  the  total  absorption  measured  at  chemical  laser 
frequencies  since  this  absorption  "tails"  into  the  DF  and 
HF  region  with  a strength  much  greater  than 

The  most  probable  source  of  the  extrinsic  band  is 

hydrogen  or  oxygen  related  defects.  0H~  defects  have  been 
studied  in  many  solids^^  and  it  is  found  that  the  infrared 
stretching  mode  occurs  near  the  HF  laser  frequency.  Oxides 
are  particularly  prone  to  OH”  contamination  and  similar 
extrinsic  bands  have  been  observed  in  MgO.^  Since  the 
last  step  in  the  ceramic  processing  involves  sintering  in 
dry  hydrogen  followed  by  cooling  in  wet  Hg,  it  is  not 
unlikely  that  the  final  ThOg-doped  YgOg  solid  solution 
could  contain  some  dissolved  hydrogen.  If  hydrogen  were 
in  the  form  of  H”  ions,  high  lying  vibrational  modes  ap- 
proximately two  times  greater  than  the  highest  energy  band 
modes  would  be  expected.  By  analogy,  however,  with  the 

fundamental  mode  of  vibration  of  H”  ions  in  a variety  of 
12  - 

solids,  the  H ion  vibration  in  ThOg-doped  YgOg  should 

be  well  below  the  3300  cm”^  average  frequency  of  the 

extrinsic  band.  Therefore,  H”  ions  are  an  unlikely  source 

of  this  impurity  band.  Interstitiual  O ions  (caused  by 

A+  3-I-  5 

the  substitution  of  2 Th  for  Y ions  ) and  possibly  a 

very  small  fraction  of  oxygen  vacancies  (caused  by  the  low 

partial  pressure  of  oxygen  in  the  sintering  atmosphere) 

2— 

are  other  possible  sources  of  absorption.  Also,  S ions 
can  be  present  in  the  solid  solution  because  they  are 
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3 

known  to  be  picked-up  during  ball-milling.  While  the 
specific  identification  of  these  impurities  in  ThOg-doped 
YgOg  with  infrared  absorption  bands  has  not  been  made,  it 
is  possible  to  obtain  some  indirect  information  which 
will  help  to  eliminate  certain  ions  as  the  likely  ex- 
trinsic source. 

In  an  attempt  to  study  the  role  of  oxygen  in  the 

extrinsic  absorption,  a ball-milled  sample  of  10%  Thg-doped 

YgOg  was  retreated  (oxidized)  at  high  temperature  (■■2000°C) 

in  an  argon  atmosphere  having  a partial  pressure  of  oxygen 
-5 

'•10  atm  (10  ppm).  Before  the  sample  was  retreated,  an 
extrinsic  band  like  that  shown  in  Fig.  1 was  evident  and 
the  DF  and  HF  absorption  coefficients  were  as  given  in 
Table  1.  After  the  retreatment  described  above,  the  ex- 
trinsic band  had  completely  disappeared  as  measured  on 
the  infrared  spectrometer  and  the  DF  and  HF  absorptions 
were  lowered  by  factors  of  6 and  4,  respectively.  Table  1 
summarizes  the  3 measurements.  During  refiring  in  a higher 
partial  pressure  of  oxygen,  oxygen  presumably  diffuses 
into  the  cubic  solid  solution  while  possibly  hydrogen  or 
other  impurity  species  simultaneously  diffuse  out  of  the 
sample.  In  addition,  the  number  of  oxygen  vacancies 
should  decrease  by  consideration  of  the  pertinent  equations 
for  point  defect  equilibria.  By  annealing  the  sample 
in  a higher  partial  pressure  of  oxygen,  the  extrinsic 
absorption  is  reduced  appreciably  but  the  reduced  B's  are 
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still  extrinsically  limited  as  can  be  seen  by  comparing  < 

1 

them  with  This  particular  sample  was  then  annealed  j 

again  in  a higher  oxygen  partial  pressure  ~2  x 10“^  atm 
(air)  in  an  attempt  to  reduce  the  absorption  even  further.  ^ 

Unfortunately,  the  sample  reacted  with  the  alumina  support 
at  1740°C,  abruptly  ending  this  series  of  experiments.  ] 

While  it  would  seem  that  the  most  likely  contaminants  ] 

would  be  removed  in  the  above  annealing  procedure,  sulfur 
species  might  be  more  resistant  to  removal.  Sulfur  ^ 

contamination  can  occur  in  the  ball-milling  operation  I 

J 

because  the  ball-mill  is  rubber  lined.  Greskovich  and  j 

1 

Woods  have  determined  the  amount  of  sulfur  in  ball-milled  ' 

' J 

and  unmilled  starting  powder  and  suggested  that  even  after 

( 

sintering  some  sulfur  may  remain  in  the  polycrystalline  ! 

solid.  In  an  effort  to  determine  if  this  impurity  may 

lead  to  the  increased  optical  absorption  a series  of  , 

i 

samples  identical  in  every  respect  except  that  half  were 

I 

prepared  from  ball-milled  powder  and  half  from  unmilled 

powder  were  measured.  The  samples  prepared  from  unmilled  • 

i 

powder  were  veiled  whereas  the  other  samples  from  ball-  j 

milled  powder  were  optically  clear.  i 

j 

The  infrared  spectra  for  all  four  samples  listed  in  ; 

I 

Table  2 exhibited  infrared  spectra  essentially  identical 
to  that  shown  in  Fig.  1 and  thus  they  are  not  reproduced 
here.  In  particular,  each  sample  had  an  easily  observable 
extrinsic  absorption  band  of  approximately  the  strength 
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shown  in  the  figure  except  for  the  small,  unmilled  sample 
which  was  so  veiled  that  scattering  dominated  the  absorp- 
tion spectra  obscuring  the  impurity  band.  The  calori- 
metrically  determined  absorption  coefficients  are  given 
in  Table  2.  A comparison  of  the  $'s  for  the  two  2 inch 
samples  and  for  the  two  small  samples,  which  did  not  have 
the  good  optical  quality  of  the  larger  samples,  indicate 
that  the  absorption  is  smallest  in  the  samples  prepared 
from  ball-milled  powder.  This  is  not  what  would  be  ex- 
pected if  sulfur  ions  were  the  source  of  absorption. 
Therefore,  we  cannot  conclude  that  sulfur  introduced  by 
the  ball-milling  operation  leads  to  higher  absorption 
coefficients. 

IV.  CONCLUSIONS 

The  optical  properties  of  a solid  solution  of  YgOg  + 

10  mole  % Th02  have  been  studied  in  relation  to  ceramic 

processing  techniques.  Although  the  Intrinsic  absorption 

coefficient  at  DF  wavelengths  was  found  to  be  very  low 
-5  -1 

(2.6  X 10  cm  ),  the  absorption  coefficients  measured 
calorimetrically  were  more  than  100  times  greater.  The 
source  of  the  higher  absorption  was  connected  with  an 
extrinsic  absorption  band  appearing  between  the  DF  and  HF 
frequencies.  Characterization  of  this  absorption  band 
involved  correlating  the  absorption  with  certain  ceramic 
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I 

^ processing  procedures.  High  temperature  annealing  in  a 

I higher  partial  pressure  of  oxygen  proved  most  successful 

in  reducing  this  absorption  band.  During  this  retreatment 

IT 

] oxygen  apparently  diffused  into  the  ceramic  solid  solution 

. and  probably  reduced  the  oxygen  vacancy  concentration  and 

* the  impurity  concentration  of  foreign  ions  such  as  0H~. 

I 
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TABLE  I.  Absorption  coefficients  for  sintered  ThOg-doped 
YgOg  (prepared  from  ball-milled  powder  before 
and  after  retreatment  in  an  atmosphere  of  higher 
oxygen  activity. 
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I 
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, TABLE  2.  Comparison  of  optical  absorption  in  sintered 

I Th02-doped  Y2O3  prepared  from  ball-milled  or 

unmilled  starting  powder.  Samples  fired  in 
I P02  . 10-^  atm. 


Sample 

Starting 

Powder 

DF  (3.8  pm) 

HF  (2.7  ym) 

2 in.  diam, 
veiled 

unmilled 

0.020  cm”^ 

0.028  cm~^ 

2 in.  diam, 
clear 

ball-milled 

0.0022  cm~^ 

0.0043  cm”^ 

small , 
veiled 

unmllled 

0.037  cm“^ 

0.067  cm~^ 

small , 
clearer 

ball-milled 

0.017  cm"^ 

0.049  cm”^ 

I 

I 
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CAPTION 


Fig.  1 Absorption  coefficient  versus  wavenumber  at 

room  temperature  for  dense,  polycrystalline 

YgOg  containing  10  mole  % ThOg  in  solid 

solution.  Sample  fired  in  » 10"^^  atm. 
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CONCLUSION 


Throughout  this  contract  period,  many  materials  and  experimental 
methods  have  been  Investigated  and  utilized.  It  Is  our  opinion  that 
this  Information  should  lead  to  further  Improvements  In  the  material 
fabrication  area  as  well  as  make  pertinent  Information  about  the 
absorption  of  a variety  of  materials  available  to  the  consumer. 

Further  Investigation  Is  needed  Into  several  areas  Including 
more  experimental  work  In  the  area  of  long  bar  calorimetry.  It  Is 
our  hope  that  the  Investigation  presented  here  will  lead  to  other  In 
depth  studies  In  this  area. 


